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The  work  in  this  report  presents  Radiation  Characterization  studies 
performed  at  the  Air  Force  Weapons  Laboratory  (AFWL)  on  Metal -Nitride- 
Oxide-Semi  conductor  (MNOS)  transistors,  arrays,  and  related  devices.  This 
work  was  conducted  during  the  period  of  March  1972  to  September  1978,  and 
was  in  support  of  an  AFWL  effort  to  develop  (with  Sperry  Rand)  a radiation 
hard,  monolithic,  MNOS  RAM  memory  suitable  for  applications  in  nuclear  and 
space  radiation  environments. 

The  overall  objective  of  this  work  was  to  obtain  data  which  would  assist 
in  optimizing  radiation  hardness  levels  and  electrical  characteristics  of 
prototype  MNOS  memory  devices  and  peripheral  circuitry. 

Key  personnel  who  worked  on  this  In-house  effort  and  their  responsi- 
bilities are: 

Roger  Tallon  Radiation  & Engineer  Support 

A1  Krause  Test  Fixturization  Support 

A1  Hoff land  Test  Facility  Support 


The  author  wishes  to  acknowledge  the  support  of  Paul  Marraffino  of 
Sperry  Gyroscope  for  his  technical  advice  in  the  radiation  test  program. 
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HIGH  IONIZING  DOSE  RATE  EFFECTS  ON 
DISCRETE  MNOS  TRANSISTORS 
(PHASE  1) 


ABSTRACT 

This  report  describes  the  first  of  three  ionizing  dose  rate  evaluations 
performed  on  three  types  of  radiation  resistant  MNOS  memory  transistors 
fabricated  in  1971  by  Sperry  Rand  Research  Center,  Sudbury,  Massachusetts. 

The  objective  of  this  in-house  effort  was  to  determine  the  susceptibility  of 
the  MNOS  memory  devices  to  a high  dose  rate  radiation  environment.  Results 
from  this  effort  showed  that  the  MNOS  devices  can  survive  and  operate  in  such 
an  environment  [dose  rate  levels  greater  than  1 x 1012  Rad(Si)/sec]  with  no 
changes  in  the  electrical  specifications.  However,  the  results  also  showed 
that  there  was  a dose  rate  related  disturb  mechanism  at  dose  rates  above 
1.4  x 1011  Fad(Si)/sec  which  degraded  the  information  stored  in  the  memory 
cells.  This  mechanism  was  not  observed  in  other  lower  dose  rate  environments. 
Data  from  the  tests  suggested  that  this  phenomenon  was  due  to  a high  negative 
voltage  being  created  across  the  high  impedance  gate  to  substrate  junction  of 
the  test  device,  generating  a false  Write  operation  during  the  radiation  burst. 
This  false  Write  was  suspected  to  be  the  cause  of  the  memory  degradations. 

The  exact  cause  of  this  disturb  mechanism  was  not  determined  in  this  evaluation. 
The  clarification  was  left  for  another  phase  of  testing. 


INTRODUCTION 


i 
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In  1971,  while  under  contract  with  the  Air  Force  Avionics  Laboratory, 
Sperry  Rand  fabricated  and  tested  three  types  of  radiation  resistant  MMOS 
memory  transistors  (See  Reference  1).  Results  from  these  tests  indicated 
that  the  MNOS  memory  transistors  (within  the  limits  of  the  radiations  em- 
ployed), would  survive,  maintain  a stored  memory,  and  operate  properly  after 
absorbing  Co-60  gammas  up  to  106  Rad(Si),  absorbing  14  MeV  neutrons  up  to  1015 
n/cm2,  and  absorbing  LINAC  electrons  up  to  dose  rate  levels  of  7 x 109 
Rad(Si )/sec. 

Because  of  these  results,  the  Air  Force  Weapons  Laboratory  (AFWL)  saw 
this  technology  as  a possible  competitor  in  the  field  of  hardened  memory 
components.  However,  before  this  possibility  could  become  a reality,  this 
new  technology  first  had  to  be  evaluated  in  high  dose  rate  environments. 
Previous  tests  were  limited  to  dose  rate  levels  below  1010  Rad(Si )/second. 

As  a result,  AFWL  embarked  on  an  in-house  test  effort  to  determine  the  sus- 
ceptibility of  the  MNOS  memory  device  to  high  dose  rate  radiation  environ- 
ments. 

This  paper  presents  the  first  of  a series  of  the  high  dose  rate  eval- 
uations performed  on  these  devices  at  AFWL.  The  first  series  of  tests  was 
conducted  in  the  spring  of  1972.  The  test  environment  used  in  this  first 
evaluation  was  a 2 MeV  E-beam  (in  a vacuum)  generated  by  a Febetron  705 
flash  X-ray  machine.  The  dose  rates  of  interest  ranged  from  1011  to  1012 
Rad(Si)/sec.  and  beyond.  The  devices  evaluated  were  from  the  same  group  of 
memory  transistors  evaluated  above  by  Sperry  Rand. 


1.  Wegener,  H.A.R.,  et  al . Radiation  Resistant  MNOS  Memories,  AFAL-TR-71-342, 
December  1972. 
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THE  MNOS  TEST  TRANSISTORS 

The  devices  tested  in  this  evaluation  were  discrete  Metal-Nitride-Oxide 
Semiconductor  (MNOS)  Non-stepped  Gate  Memory  Transistors  fabricated  in  1971 
at  Sperry  Rand  Research  Center,  Sudbury,  Massachusetts.  The  devices  were 
from  the  same  groups  tested  by  Sperry  in  Reference  1.  The  transistors  were 
grouped  into  three  types.  These  types  were  "Fast  Forward",  "Slow  Forward", 
and  "Slow  Reverse".  Structures  and  properties  are  summarized  below. 

Type 

Write  Voltage  + 30  V + 30  V + 30  V 

Write  Time  100  ysec  100  msec  100  msec 

Oxide  Thickness  15  Angstroms  17  Angstroms  36  Angstroms 

Nitride  Thickness  622  Angstroms  661  Angstroms  826  Angstroms 

Conductivity  (Jn)  3 x 10-4A/cm2  2 x 10-9A/cm2  5.3  x 10“3A/cm2 

In  the  Forward  Write  transistor,  a memory  was  written  into  the  cell  by 
the  application  of  a large  positive  or  negative  voltage  across  the  gate/sub- 
strate junction.  A positive  voltage  wrote  the  device  into  the  "High  Conduction 
State",  and  a negative  voltage  wrote  the  device  into  the  "Low  Conduction  State". 

For  the  Reverse  device,  the  writing  of  a memory  was  just  the  opposite.  A qual- 
itative discussion  of  the  physics  of  a Forward  Write  and  a Reverse  Write  MNOS 
device  is  presented  in  Appendix  "A".  A photomicrograph  and  typical  "Retention 
Plots"  for  the  three  types  of  memory  cells  tested  are  shown  in  Figures  1 to  4. 

TEST  OBJECTIVES  AMD  APPROACH 

The  objectives  of  these  tests  were  to  determine  the  dose  rate  levels 


10 


SOURCE 


DRAIN 


Figure  1.  Photograph  of  the  Typical  Fast  Forward,  Slow  Forward,  and  Slow 
Reverse  MNOS  Memory  Transistor  tested  in  this  evaluation. 
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Figure  2.  Typical  Zero  Bias  Retention  Plot  of  a FAST  FORWARD  MNOS  Memory 
Transistor  tested  in  this  evaluation. 
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Figure  3.  Typical  Zero  Bias  Retention  Plot  of  a 
Transistor  tested  in  this  evaluation. 
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Figure  4.  Typical  Zero  Bias  Retention  Plot  of  a SLOW  REVERSE  MNOS  Memory 
Transistor  tested  in  this  evaluation. 


12 


at  which  the  MNOS  memory  transistors  could  lose  their  memory,  and  to  deter- 
mine the  cause  of  the  memory  loss. 

To  achieve  these  two  objectives,  the  test  transistors  were  evaluated 
under  two  different  Drain  Voltage  conditions  (See  Figure  5).  Both  conditions 
represented  as  operating  state  in  which  the  Gate  had  a high  resistance  to 
ground.  In  one  case,  the  Drain  Voltage  was  removed  during  the  radiation 
burst,  and  the  Drain  was  grounded  through  a 10  Kn  resistor.  This  was  done 
to  determine  what  effect  (if  any)  the  Drain  Voltage  had  on  the  response  of 
device  during  the  radiation  burst. 

The  test  setup  used  to  record  the  radiation  responses  for  the  above  two 
conditions  is  illustrated  in  Figure  6.  Included  is  an  "Exerciser  Control", 
a "Vdrajn  Control",  and  three  monitoring  test  points  t.o  record  the  Drain 
Voltage,  the  Gate  Voltage,  and  the  Gate  Current.  Also  included  were  various 
triggers  to  control  the  timing  sequence. 

The  function  of  the  Exerciser  Control  was  to:  (1)  provide  the  "Write" 
and  "Read"  pulses  to  the  Gate  of  the  device  under  test,  (2)  provide  the  trig- 
ger pulse  to  "fire"  the  flash  x-ray  machine,  and  (3)  provide  the  required 
signal  for  turning  "on"  and  "off"  the  Drain  Voltage  during  the  desired  time 
interval.  A double-current  probe  technique  was  employed  to  measure  the  sud- 
den changes  in  Gate  Current  during  a radiation  burst.  Such  a procedure  allowed 
for  the  substraction  of  cable  noises  during  low  current  measurements. 

Using  this  setup,  the  procedure  devised  to  measure  a possible  memory  loss 
is  illustrated  in  Figures  7 and  8.  Figure  7 shows  a hypothetical  case  of  a 
Forward  Writing  MNOS  memory  transistor  that  has  been  written  with  a large 
positive  Write  pulse  to  store  a Logic  "1"  memory  state,  suffering  a loss  or 
shift  in  that  state  as  a result  of  a transient  radiation  burst.  Picture  "A" 
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shows  the  normal  sequence  of  events  recorded  with  oscilloscopes  at  the  gate 
and  drain  leads  of  the  device  without  the  application  of  a radiation  pulse. 
The  sequence  shows  that  immediately  after  the  application  of  a large  positive 


r 


Write  pulse  on  the  gate,  the  drain  voltage  (Vdrai-n)  will  shift  from  a -10  volt 
level  to  a 0 volt  level.  This  action  is  caused  by  the  +Write  pulse  driving  the 
memory  device  into  a high  conduction  threshold  state,  thereby  forcing  the  tran- 
sistor to  "Turn-On"  and  operate  as  a "Depleted  Mode"  device.  The  MNOS  device 
will  remain  in  this  state  (See  the  Vdra^n  trace  in  picture  A)  until  some  of  the 
charge  trapped  within  the  gate  structure  leaks  out  or  is  removed  with  a negative 
gate  voltage.  To  measure  the  device's  Threshold  Voltage  (or  memory  state), 
a Read  pulse  is  applied  to  the  gate,  and  the  magnitude  slowly  increased  or 
decreased  until  a 100  millivolt  peak  voltage  change  is  observed  at  the  Vdra^n 
measuring  point.  Note  that  for  this  test  procedure,  a 100  mV  pulse  change 
in  the  drain  voltage  corresponds  to  10  ya  of  source-drain  current  through  the 
test  device.  The  conditions  presented  in  picture  "A"  show  that  the  Threshold 
Voltage  is  in  the  High  Conduction  State  and  the  memory  bit  stored  would  be 
classified  as  a Logic  "1". 

Now,  if  the  Threshold  Voltage  was  suddenly  shifted  from  the  High  Conduction 
State  to  the  Low  Conduction  State,  the  memory  device  would  follow  this  change 
by  switching  from  the  Depleted  Mode  to  the  "Enhancement  Mode"  of  operation. 

Such  an  action  can  be  observed  by  monitoring  the  drain  voltage  before  and  after 
the  event.  An  example  of  this  occurrence  is  illustrated  in  picture  "B"  of 
Figure  7.  Here,  a transient  radiation  pulse  is  applied  to  the  memory  device 
shortly  after  the  Write  period.  It  Is  then  assumed  that  by  some  phenomenon 
the  radiation  burst  will  cause  the  threshold  to  shift  from  one  state  to  the 
other.  If  this  did  occur,  the  drain  voltage  would  suddenly  shift  from  0 volts 
to  -10  volts.  This  change  in  drain  voltage  would  be  caused  by  the  memory  device 
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switching  from  an  "ON"  condition  to  an  "OFF"  condition.  This  sudden  switching 
can  be  monitored  before,  during,  and  after  the  event.  Using  this  measuring 
technique  for  the  actual  radiation  tests,  a possible  memory  loss  or  shift  result- 
ing from  a high  dose  rate  irradiation  can  be  recorded. 

Figure  8 shows  the  same  sequences  of  events,  except  that  now  the  memory 
is  a Reverse  Shifting  device.  The  criterion  is  the  same  except  that  the  recorded 

memory  shifts  will  be  in  the  reverse  direction. 

3 

. 
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TEST  RESULTS  AND  ANALYSIS 

The  overall  test  results  of  this  evaluation  showed  that  the  MNOS  memory  tran- 
sistors suffered  memory  losses  and  upsets  when  subjected  to  high  dose  rate  radia- 
tion while  operating  under  the  two  test  conditions  outlined  In  the  Approach.  How- 
ever, in  order  for  these  changes  to  occur,  the  Forward  devices  had  to  be  initially 
operating  in  the  High  Conduction  State,  and  the  Reverse  devices  had  to  be  operat- 
ing in  the  Low  Conduction  State.  No  upsetswere  recorded  under  the  reverse  situa- 
tion. A summary  of  the  results  is  presented  below  in  Table  1. 

TABLE  1. 

HIGH  DOSE  RATE  RESULTS  IN  RAD(Si)/SEC 


Device 

Type 

Partial  Memory 
Loss 

Total  Memory 
Loss 

Total  Shift  ir. 
Logic  State 

Fast  Forward 

1.4  x 1011 

5.0  x 1011 

9.0  x 1011 

Slow  Forward 

5.1  x 1011 

9.0  x 1011 

1.2  x 1012 

Slow  Reverse 

9.0  x 10n 

1.2  x 1012 

1.2  x 1012 

The  above  results  were  obtained  with  a Febetron  705  flash  x-ray  machine 
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operating  in  the  2 MeV  E-beam  Mode  (in  a vacuun).  The  radiation  pulse  width 
was  50  nsec.  The  dose  rate  levels  used  during  the  tests  ranged  from  1 x 1011 
to  2 x 1012  Rad(Si)/sec. 

Table  1 shows  that  the  Fast  Forward  device  was  the  most  sensitive  to 
transient  radiation  upsets.  At  1.4  x 1011  Rad(Si)/sec,  which  was  7 x 103 
Rad(Si)  of  total  dose  per  shot,  the  Fast  Forward  device  suffered  a partial 
loss  of  approx.  40%  in  its  stored  Logic  "1"  memory.  At  5.0  x 1011  Rad(Si)/ 
sec  [2.5  x 104  Rad(Si)  per  shot],  the  device  loss  100%  of  its  stored  memory. 
Finally,  at  9.0  x 1011  Rad(Si)/sec  [4.5  x 104  Rad(Si)  per  shot],  the  Fast  For 
ward  suffered  a total  shift  in  its  logic  state.  That  is,  the  pre-stored  mem- 
ory changed  completely  from  a Logic  "1"  to  a Logic  "0".  Samples  of  these 
finding  are  presented  in  Figures  9 through  11.  The  sample  shown  are  for 
Test  Condition  Number  1 ( Vcira-jn  = - 10  Volts  during  the  burst). 

It  was  also  stated,  above  that  a memory  loss  or  upset  in  the  Forward 
Write  devices  would  only  occur  if  the  devices  were  initially  operating  in 
the  High  Conduction  State.  Operating  the  Forward  devices  in  the  Low  Conduct- 
ion State  during  the  radiation  burst  produced  no  recorded  losses  in  memory 
or  changes  in  state.  An  example  of  this  discovery  is  presented  in  Figure  12. 
Shown  is  a Fast  Forward  memory  being  subjected  to  a dose  rate  of  1.24  x 1012 
Rad(Si)/sec  [approx.  6 x 104  Rad(Si)  per  shot]  while  operating  in  the  Low 
Conduction  State.  The  result  showed  that  there  was  no  degrading  effect  on 
the  Logic  "0"  memory.  In  fact,  the  Logic  "0"  memory  was  enhanced  by  the  rad- 
iation burst  [as  shown  by  the  Gate  Threshold  Voltage  (V^)  being  shifted  fur- 
ther into  the  Low  Conduction  State].  This  phenomenon  was  observed  for  all  of 
the  Forward  Write  devices. 

The  Slow  Forward  transistors  were  shown  to  have  a greater  resistance 
to  the  high  dose  rate  radiation  than  the  Fast  Forward  devices.  This  result 
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Figure  9.  Effects  of  a 2MeV  E-beam  Pulse  on  a FAST  FORWARD  MNOS  Memory 
Transistor  operating  in  the  HIGH  CONDUCTION  STATE.  Dose  Rate  = 1.4  x 1011 
Rad(Si)/sec. 
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Effect:  Vth  shifted  = -9V  (equivalent  to  = 1002  memory  loss  for  logic  "1"; 


Figure  10.  Effects  of  a 2MeV  E-beam  Pulse  on  a FAST  FORWARD  MNOS  Memory 
Transistor  operating  in  the  HIGH  CONDUCTION  STATE.  Dose  Rate  = 5.0  x 101 
Rad(Si )/sec. 
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Effects:  Vth  shifted  =-14. 5V  (equivalent  to  a total  shift  in  logic  state). 


Figure  11.  Effects  of  a 2MeV  E-beam  Pulse  on  a FAST  FORWARD  MNOS  Memory 
Transistor  operating  in  the  HIGH  CONDUCTION  STATE.  Dose  Rate  = 9.0  x 1011 
Rad(Si)/sec. 
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Figure  12.  Effects  of  a 2MeV  E-beam  Pulse  on  a FAST  FORWARD  MNOS  Memory 
Transistor  operating  in  the  LOW  CONDUCTION  STATE.  Dose  Rate  = 1.24  x 1012 
Rad(Si)/sec. 
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can  be  seen  in  Table  1 and  in  Figure  13  through  15.  The  data  shows  that 
the  Slow  Forward  devices  can  withstand  dose  rate  levels  up  to  5.0  x 1011 
Rad(Si)/sec  before  any  loss  in  memory  occurs.  This  level  was  approximately 
18K  Rad(Si)  per  shot  higher  than  that  required  to  produce  losses  in  the 
Fast  Forward.  To  totally  wipe  out  a memory  in  the  Slow  Forward  devices,  a 
dose  rate  level  of  approximately  9.0  x 1011  Rad (Si )/sec  was  required.  A 
dose  rate  level  of  1.2  x 1012  was  needed  to  produce  a complete  memory  shift 
(logic  "1“  to  logic  "0").  Again,  as  with  the  Fast  Forward  devices,  the 
Slow  Forward  transistors  had  to  be  initially  operating  in  the  High  Conduction 
State  before  losses  in  memory  would  occur. 

Of  the  three  types  of  devices  tested,  the  Slow  Reverse  Memory  transistors 
showed  the  greatest  resistance  to  high  dose  rate  radiation.  In  addition, 
when  a memory  loss  or  upset  was  recorded  for  these  devices,  the  operating 
condition  was  just  the  opposite  from  the  Forward  devices.  That  is,  the  Reverse 
devices  were  in  the  Low  Conduction  State.  No  upsets  were  noted  in  the  High 
Conduction  State.  Highlights  showing  these  results  are  presented  in  Figures 
16  through  18. 

Figure  16  shows  the  dose  rate  level  where  memory  losses  were  first  noted 
in  the  Reverse  devices.  The  figure  shows  that  the  device's  Threshold  Voltage 
(Vtfo)  shifted  from  approximately  -10V  to  -6V  (a  delta  shift  of  = +4V)  as  a 
result  of  the  shot.  This  amount  of  change  corresponds  to  a memory  loss  of 
approximately  50%  to  60%  (See  Figure  4).  Figure  17  presents  the  dose  rate 
level  where  the  Reverse  type  devices  suffered  a total  memory  loss  or  a total 
shift  in  its  logic  state  (logic  "0"  shifting  to  logic  "1").  A sample  of  the 
Reverse  device  operating  in  the  High  Conduction  State  during  the  burst  is 
presented  in  Figure  18.  The  results  showed  that  the  stored  memory  was  enhanced 
by  the  radiation  and  driven  further  into  the  conduction  state. 
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Vert:  5V/div 
Hor:  lOOys/div 

Write  Pulse:  +30V  @ 100ms 

Read  Pulse:  +3V  0 50ys 

Vth:  approx.  0V(430ys  after  the  Radiation  Shot) 

Effects:  Vth  shifted  = -2.5V  (equivalent  to  = 25%  memory  loss  for  logic  "1") 


Figure  13.  Effects  of  a 2MeV  E-beam  Pulse  on  a SLOW  FORWARD  MNOS  Memory 
Transistor  operating  in  the  HIGH  CONDUCTION  STATE.  Dose  Rate  = 5.0  x 1011 
Rad(Si )/sec. 
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Effect:  Vth  shifted  = -7V  (equivalent  to  = 100%  memory  loss  for  logic  "1"). 


Figure  14.  Effects  of  a 2MeV  E-beam  Pulse  on  a SLOW  FORWARD  MNOS  Memory 
Transistor  operating  in  the  HIGH  CONDUCTION  STATE.  Dose  Rate  = 9.0  x 1011 
Rad(Si )/sec. 
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Figure  15.  Effects  of  a 2MeV  E-beam  Pulse  on  a SLOW  FORWARD  MNOS  Memory 
Transistor  operating  in  the  HIGH  CONDUCTION  STATE.  Dose  Rate  = 1.2  x 1012 
Rad(Si )/sec. 
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Figure  16.  Effects  of  a 2MeV  E-beam  Pulse  on  a SLOW  REVERSE  MNOS  Memory 
Transistor  operating  in  the  LOW  CONDUCTION  STATE.  Dose  Rate  = 9.0  x 10* 1 
Rad(Si)/sec. 
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Figure  17.  Effects  of  a 2MeV  E-beam  Pulse  on  a SLOW  REVERSE  MNOS  Memory 
Transistor  operating  in  the  LOW  CONDUCTION  STATE.  Dose  Rate  = 1.2  x 10“ 
Rad(Si)/sec. 
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Figure  18.  Effects  of  a 2MeV  E-beam  Pulse  on  a SLOW  REVERSE  MNOS  Memory 
Transistor  operating  in  the  HIGH  CONDUCTION  STATE.  Dose  Rate  = 1.2  x 1012 
Rad(S1)/sec. 
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In  the  data  presented  thus  far,  the  Drain  Voltage  on  the  device  under 
test  was  equal  to  -10  volts  during  the  radiation  shot  (Test  Condition  No.  1). 
To  show  that  the  Drain  Voltage  had  no  effect  on  the  memory  losses,  two  data 
samples  are  presented  in  Figures  19  and  20  to  show  the  test  results  taken 
with  a Vdrain  s 0 volts  (Test  Condition  No.  2).  In  both  cases,  the  Drain 
lead  was  clamped  to  ground  through  a 10  Kfi  resistor  shortly  before  the  rad- 
iation period.  This  condition  was  held  throughout  the  radiation  period  and 
for  approximately  300  ys  after  the  shot  to  allow  for  post  stabilization.  In 
both  cases  after  the  Drain  Voltage  was  returned,  the  results  show  shifts  in 
the  memory  states.  These  shifts  were  identical  to  those  obtained  under 
Test  Condition  No.  1.  See  Figures  15  and  17. 

Other  information  worth  noting  from  this  phase  was:  (1)  The  changes  in 
the  stored  memories  as  a result  of  the  high  dose  rates  were  not  permanent. 
With  the  application  of  a proper  Write  pulse  after  an  irradiation,  the  mem- 
ories could  be  electrically  reset  to  their  original  pre-radiation  state. 

(2)  There  was  no  permanent  change  noted  in  any  of  the  electrical  charac- 
teristics as  a result  of  the  radiation.  (3)  All  of  the  memory  transistors 
survived  the  tests.  Even  after  absorbing  dose  rate  levels  of  1.2  x 1012 
Rad(Si)/sec,  the  devices  could  still  function  as  if  they  had  never  been 
irradiated. 

In  analyzing  the  above  data,  there  was  a paradox  between  the  low  dose 
rate  Co-60  results  obtained  by  Sperry  Rand  in  Reference  1 and  the  high  dose 
rate  results  presented  in  this  report.  In  the  Co-60  results,  the  data  showed 
that  the  MN0S  memory  transistor  could  absorb  well  beyond  1 x 10s  Rad(Si) 
of  total  gamma  radiation  before  any  noted  memory  degradation  was  recorded. 

In  the  high  dose  rate  results,  major  degradations  were  recorded  in  the 
devices  at  total  dose  levels  as  low  as  7 x 103  Rad(Si).  Since  both  of  these 
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Write  Pulse:  +30V  @ 100ms 
Read  Pulse:  +3V  @ 50ps 

Vth:  approx.  +3V  (470ps  after  Radiation  Shot) 

Effect:  Vth  shifted  * +14. 5V  (same  effect  as  with  Vdrain  = 
suffered  a total  shift  in  logic  state). 


-10V,  the  device 


Figure  20.  Effects  of  a 2MeV  E-beam  Pulse  on  a SLOW  REVERSE  MNOS  Memory 
Transistor  operating  in  the  LOW  CONDUCTION  STATE  and  with  Vdrain  = OV  dur- 
ing the  burst.  Dose  Rate  = 1.2  x 1012  Rad(Si)/sec. 


J 


32 


environments  are  ionizing  radiation,  there  should  have  been  some  corre- 
lation in  the  total  dose  effects.  Since  there  was  none,  an  unknown  effect 
related  to  the  high  dose  rate  E-beam  environment  was  implied.  In  an  attempt 
to  determine  the  cause  of  this  effect,  current  probes  were  installed  in  the 
Gate  lead  of  each  test  device,  and  current  measurements  were  made  at  pre- 
determined dose  rate  levels.  Typical  responses  taken  on  one  device  are 
presented  in  Figure  21. 

Figure  21  shows  that  a large  current  pulse  (proportional  to  the  dose 
rate  level)  was  generated  in  the  Gate  lead  during  the  radiation  shot.  Plot- 
ting these  peak  responses  in  terms  of  electron  flow  as  a function  of  dose 
rate  produces  the  curve  presented  in  Figure  22.  The  data  presented  show 
that  up  to  650pa  of  peak  negative  current  (for  approx.  100ns)  will  flow  in 
the  Gate  lead  when  exposed  to  a dose  rate  level  of  1.2  x 1012  Rad(Si)/sec. 
Noting  that  this  current  will  also  flow  through  the  1 Mn  Gate  resistor, 
generating  a large  negative  voltage  pulse  across  the  gate-substrate  junc- 
tion, a possible  explanation  for  the  sudden  memory  losses  In  the  transient 
E-beam  environment  can  now  be  formulated. 

The  basis  of  this  explanation  is  that  the  negative  voltage  generated 
across  the  gate- substrate  junction  will  be  large  enough  to  produce  an  equiv- 
alent negative  Write  operation  on  the  device  during  the  radiation  burst. 

The  result  will  be  a tendency  to  shift  the  Threshold  Voltage  of  the  For- 
ward devices  toward  the  Low  Conduction  State  and  the  Reverse  devices  toward 
the  High  Conduction  State.  If  this  assumption  is  correct,  it  would  account 
for  the  memory  losses  and  shifts  recorded  in  this  report. 


Figure  22.  Transient  Negative  Peak  Current  Response  in  the  Gate  Circuit  of  the  Forward  and  Reverse 
Write  MNOS  Memory  Transistors  as  a function  of  a High  Dose  Rate  2 MeV  Electron  Environment. 


DISCUSSION 


From  the  test  results  In  this  evaluation,  it  was  concluded  that  the 
MNOS  memory  transistor  can  survive  and  operate  in  a high  ionizing  dose  rate 
environment  with  no  permanent  electrical  changes.  However,  it  was  also  con- 
cluded that  there  was  a high  dose  rate  disturb  mechanism  which  degraded  or 
changed  the  stored  memory  during  the  radiation  burst.  This  mechanism  was 
not  observed  in  other  lower  dose  rate  environments.  It  was  suspected  that 
this  particular  disturbance  was  due  to  the  interaction  of  the  electron  beam 
environment  and  the  particular  test  setup  used  in  the  evaluation.  Data 
suggested  that  there  was  a high  negative  voltage  being  generated  across  the 
high  impedance  Gate/Substrate  junction  of  the  memory  device,  creating  a false 
Write  operation.  The  result  was  that  the  MNOS  devices  were  re-writing  them- 
selves at  the  higher  dose  rates.  The  exact  cause  of  this  phenomenon  was 
not  determined  in  this  evaluation,  but  if  the  effect  was  real  and  allowed  to 
occur  in  an  actual  operational  MNOS  array,  the  result  could  neutralize  the 
"non-volatile"  feature  of  the  MNOS  technology.  Such  a neutralization  would 
greatly  inhibit  the  MNOS  device  as  a viable  candidate  for  a hardened  memory. 

RECOMMENDATIONS 

Before  a final  judgment  can  be  made  on  the  performance  of  the  MNOS  mem- 
ory transistor  in  a high  dose  rate  environment,  the  cause  of  the  above  disturb 
mechanism  should  be  determined.  Therefore,  it  is  recommended  that  additional 
dose  rate  tests  be  performed  to  determine  the  the  exact  cause  of  the  phenomenon, 
a possible  circumvention  technique,  and  the  type  of  environments  where  the  mech- 
anism will  most  likely  occur  (See  the  next  two  test  phases). 
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HIGH  IONIZING  DOSE  RATE  EFFECTS  ON 
DISCRETE  MNOS  TRANSISTORS 
(PHASE  2) 

ABSTRACT 

This  report  describes  the  second  of  three  ionizing  dose  rate  tests 
performed  on  three  types  of  radiation  resistant  (non-step  gate)  MNOS  memory 
transistors  fabricated  In  1971  by  Sperry  Rand.  The  objectives  of  this  effort 
were  to  determine  the  exact  cause  of  the  high  dose  rate  disturb  mechanism 
observed  in  the  Phase  1 tests,  and  to  find  a possible  circumvention  technique 
which  would  prevent  this  disturbance  from  occurring  in  actual  MNOS  circuitry. 

The  results  of  this  effort  showed  that  the  disturb  mechanism  was  due  to  a high 
negative  voltage  generating  a false  Write  across  the  high  impedance  gate- 
substrate  junction  during  the  radiation  burst.  The  results  also  showed  that 
this  false  Write  phenomenon  could  be  eliminated  by  grounding  the  gate-substrate 
junctions  of  the  test  device  during  the  radiation  burst.  Grounding  these 
terminals  during  the  burst  resulted  in  a MNOS  memory  device  that  was  only  total 
dose  dependent.  That  is,  the  memory  losses  due  to  the  high  dose  radiation  were 
the  same  as  those  measured  in  a low  dose  rate  Co-60  environment.  A possible 
compensation  circuit  that  was  devised  to  eliminate  this  false  Write  was  composed 
of  a PNP  bidirectional  diode  operating  in  parallel  with  the  memory  gate  resistance 
to  ground.  This  technique,  through  photoconduction,  would  clamp  the  gate  terminal 
to  the  same  ground  potential  as  the  substrate  during  the  radiation  burst,  thereby 
removing  any  possibility  of  a false  Write  charge  buildup. 
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INTRODUCTION 


I In  Phase  1 of  this  test  effort,  it  was  shown  that  the  MNOS  Non-step 

Gate  Memory  Transistor  could  survive  and  operate  in  a high  dose  rate  rad- 
iation environment  with  no  degradation  in  its  electrical  operating  charac- 
teristics. But,  It  was  also  shown  that  there  was  a high  dose  rate  disturb 
mechanism  (not  related  to  total  dose  effects)  that  degraded  information 
stored  in  the  memory  cells.  This  initial  data  suggested  that  the  distur- 
bance was  caused  by  a high  dose  rate  induced  Write  pulse  that  re-wrote  the 
memory  cells  during  the  radiation  burst.  This  false  Write  phenomenon  was 
never  really  verified  in  Phase  1.  As  a result,  t.o  help  clarify  the  prob- 
lem a second  phase  of  testing  was  performed  on  the  same  devices.  In  this 
second  phase,  the  same  radiation  environment  was  used,  but  with  a differ- 
ent test  setup  and  approach. 

TEST  OBJECTIVES  AND  APPROACH 

The  two  objectives  in  this  second  phase  of  testing  were:  (1)  to  deter- 
mine the  exact  cause  of  the  high  dose  rate  disturb  mechanism  which  degraded 
the  information  stored  in  the  MNOS  memory  cells  during  the  Phase  1 tests, 
and  (2)  to  find  a possible  circumvention  technique  which  would  prevent  or 
reduce  the  phenomenon  from  occurring  in  furture  MNOS  circuitry. 

To  achieve  the  first  objective,  the  test  transistors  were  evaluated 
with  all  leads  grounded.  That  is,  the  Gate,  Source,  Drain  and  Substrate 
leads  were  all  clamped  at  ground  during  the  radiation  burst  (Ref.  Figure  1). 
The  reason  for  using  this  setup  was  based  on  the  assumption  that  the  dis- 
turb mechanism  was  caused  by  a large  negative  voltage  being  generated  across 
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Figure  1.  Transient  Radiation  Response  MNOS  Test  Conditions. 


FAIRCHILD  5000  TEST  SETUP 


NOTE:  GATE.  SOURCE,  DRAIN,  l SUBSTRATE  ARE  ClAMPEO  AT  GROIN)  DURING  t BURST. 

Figure  2.  Transient  Radiation  Response  MNOS  Test  Setup. 


a high  impedance  between  ihe  Gate  and  Substrate  junction.  In  Phase  1,  this 
high  impedance  was  a 1 Mo  resistor  between  the  Gate  of  the  device  and  the 
grounded  Substrate.  Removing  this  resistance  during  the  radiation  shot 
was  expected  to  eliminate  the  disturbance,  if  the  assumption  was  correct. 
However,  if  the  disturbance  was  still  present,  then  the  effect  would  be  due 
to  an  unknown  mechanism  internal  to  the  test  device  itself. 

To  obtain  the  grounded  test  conditions  stated  above,  and  still  perform 
the  required  Clear,  Write,  and  Read  functions  on  the  memories  (without  re- 
moval from  the  test  cell),  a test  setup  different  from  Phase  1 had  to  be 
used.  The  new  setup  incorporated  a Fairchild  5000C  computerized  control 
test  system  (See  Figure  2).  As  shown,  the  automatic  test  system  was  con- 
nected directly  to  the  test  device  (in  the  test  cell)  through  125  feet  of 
"Kelvin-wired"  transmission  line.  The  basic  system  employed  a Programmable 
Power  Supply  and  a Current  Sensing  Measuring  Line.  The  power  supply  provided 
the  Clear,  Write,  and  staircasing  Read  voltages.  The  Measuring  Line  deter- 
mined when  the  Gate  Threshold  Voltage  was  to  be  measured. 

An  example  of  how  the  setup  measured  the  Gate  Threshold  Voltage  is  as 
follows.  After  a memory  was  stored  in  the  device,  a "staircase"  voltage 
ranging  fromm  0.00  volts  to  -20.00  volts  was  applied  to  the  Gate  in  10  mV  steps. 
When  a 50  pa  current  was  sensed  in  the  Source/Dru  n lead,  the  staircasing 
would  stop  and  the  Threshold  Voltage  was  automatically  measured  and  recorded. 

With  this  setup,  the  Threshold  Voltage  could  be  measured  at  any  chosen 
time  interval.  The  results  from  such  measurements  would  yield  "Retention 
Plot"  of  a Gate  Threshold  Window  for  a particular  device  before  and  after  a 
radiation  burst.  From  these  plots,  memory  losses  (as  a result  of  a radiation) 
or  shifts  in  the  Gate  Threshold  Voltages  could  be  measured.  An  example 
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of  such  a plot  is  presented  in  Figure  3. 

TEST  RESULTS  AND  ANALYSIS 

The  test  results  from  this  evaluation  showed  that  when  the  leads  of 
the  MNOS  memory  transistors  were  clamped  at  ground,  the  devices  suffered 
no  memory  losses  or  upsets  as  a result  of  the  high  dose  rate  disturb  mech- 
anism observed  in  Phase  1.  The  only  losses  measured  were  attributed  to 
ionizing  total  dose  effects.  The  importance  of  these  two  findings  showed 
that  the  explanation  formulated  in  Phase  1 for  the  sudden  high  dose  rate 
memory  losses  was  correct.  That  is,  the  disturb  mechanism  was  due  to  a high 
negative  voltage  generating  a false  Write  (during  the  radiation  burst)  across 
a high  impedance  gate-substrate  junction.  These  findings  also  showed  that 
the  sudden  charge  buildup  could  be  eliminated,  simply  by  grounding  the  leads 
of  the  test  device  during  the  burst.  Verification  of  these  findings  are 
presented  in  Figure  3 through  10. 

Figures  3 through  6 present  data  taken  on  the  Fast  Forward  transistors. 

Figures  7 and  8 show  data  taken  on  the  Slow  Forv/ard  transistors,  and  Figures 
9 and  10  present  data  on  the  Slow  Reverse  devices.  The  data  in  these  fig- 
ures are  presented  in  two  types  of  plots.  The  first  type  is  called  a Ret- 
ention Plot  (See  Figure  3).  In  this  type  of  plot,  two  Gate  Threshold  Volt- 
ages are  plotted  with  respect  to  time.  The  top  curve  represents  the  Thresh- 
old Voltage  with  the  test  transistor  operating  in  the  High  Conduction  State. 

The  bottom  curve  represents  the  Gate  Threshold  Voltage  with  the  device 
operating  in  the  Low  Conduction  State.  The  voltage  difference  between 
these  two  curves  is  called  the  "Threshold  Voltage  Window".  From  such  a 
plot,  the  memory  storage  characteristics  can  be  determined  for  a test  device. 
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Figure  3.  FAST  FORWARD  MNOS. 
Retention  Plots  of  Vth  Window 
BEFORE  AND  AFTER  a Radiation 
Burst. 
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Figure  4.  FAST  FORWARD  MNOS. 
Retention  Plots  of  Vth  Window 
BEFORE  and  AFTER  a Radiation 
Burst. 
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Figure  6.  Composite 
Results  of  the  FAST 
FORWARD  MNOS  devices 
with  all  leads  GROUNDED 
during  the  Radiation 
Burst. 
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Figure  7.  SLOW  FORWARD  MNOS. 
Retention  Plots  of  Vth  Window 
BEFORE  and  AFTER  a Radiation 
Burst. 
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Figure  8.  Composite 
Results  of  the  SLOW 
FORWARD  MNOS  devices 
with  all  leads  GROUNDED 
during  the  Radiation 
Burst. 
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Figure  9.  SLOW  REVERSE  MNOS. 
Retention  Plots  of  Vth  Window 
BEFORE  and  AFTER  a Radiation 
Burst. 
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Figure  10.  Composite 
Results  of  the  SLOW 
REVERSE  MNOS  devices 
with  all  leads  GROUND- 
ED during  the  Radiation 
Burst. 
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In  this  test  phase.  Retention  Plots  were  recorded  for  each  test  device 
(BEFORE  and  AFTER  a radiation  burst).  Fron  these  findings,  the  thres- 
hold degradation  (or  memory  loss)  was  measured  for  a chosen  dose  rate 
level.  The  overall  results  were  then  plotted  in  a Composite  Plot  (See 
Figure  6)  showing  the  threshold  or  memory  degradation  as  a function  of  dose 
rate  and  total  dose. 

Analyzing  the  Fast  Forward  data  shows  that  at  a dose  rate  level  of 
3.0  x 1012  Rad(Si)/sec,  the  recorded  threshold  Window  degraded  approximately 
2 volts.  This  amount  of  decrease  would  result  in  a memory  loss  (for  both 
logic  "1"  and  logic  "0")  of  approximately  20%.  At  this  particular  dose  rate 
level  under  the  test  conditions  in  Phase  1,  the  High  Conduction  State  mem- 
ory would  have  shifted  completely  to  the  Low  Conduction  State.  At  3 x 1013 
Rad(Si)/sec  [1.5  x 106  Rad(Si)  of  total  dose],  the  window  suffered  a decrease 
of  approximately  8 volts  (See  Figure  4).  However,  there  was  still  enough 
window  left  (approx.  30%)  to  detect  a difference  between  a logic  "1"  or  a 
logic  "0"  memory.  Finally,  at  6.0  x 1013  Rad(Si)/sec  [3  x 106  Rad(Si)  of 
total  dose],  the  window  for  the  Fast  Forward  devices  was  completely  closed 
(See  Figure  5).  The  recorded  Threshold  Voltages  for  both  states  were  degrad- 
ed to  the  "Center  Voltage"  level.  No  memory  remained  in  the  devices.  A 
composite  of  the  Fast  Forward  results  is  presented  in  Figure  6.  This  plot 
shows  that  the  Fast  Write  memories  will  absorb  (without  a re-write)  1.5  x 
106  Rad(Si)  of  total  dose  E-beam  radiation,  and  still  maintain  a memory. 
Another  important  find  in  this  plot  is  that  the  data  correlate  with  the 
total  dose  results  obtained  in  a Co-60  source  (under  zero  gate  bias  condi- 
tions) by  Sperry  Rand. 

Data  taken  on  the  Slow  Forward  memory  devices  (Ref  Figure  7 and  8)  showed 
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that  the  Threshold  Voltage  Window  never  closed  during  this  phase  of  testing. 
The  highest  dose  rate  level  that  the  test  devices  were  subjected  to  was  8.0 
x 1013  Rad(Si)/sec.  At  this  level,  the  memories  were  subjected  to  a total 
dose  per  shot  equal  to  4 x 106  Rad(Si).  Threshold  Window  losses  at  this 
level  were  approximately  65%.  This  still  left  enough  window  to  detect  the 
correct  memory.  Also,  as  with  the  Fast  Forward  data,  the  composite  results 
in  Figure  8 correlated  with  the  Sperry  Rand  Co-60  results. 

The  last  two  plots  (Figures  9 and  10)  showed  the  test  results  taken 
on  the  Slow  Reverse  type  transistors.  The  results  showed  that  there  were 
no  measurable  degrading  effects  on  the  devices  until  a dose  rate  level  of 
1.2  x 1012  Rad(Si)/sec  was  reached.  Note  that  in  the  Phase  1 tests,  deg- 
radation of  the  memories  in  the  same  devices  was  noted  at  the  dose  rate 
level  of  9.0  x 1011  Rad(Si)/sec,  approximately  1.5  x 103  Rad(Si)  lower  in 
total  dose.  An  interesting  result  from  this  group  of  tests  was  that  when 
losses  in  the  Window  did  occur,  only  the  Threshold  Voltage  in  the  High  Con- 
duction State  was  significantly  effected.  The  high  dose  rate  had  little 
effect  on  the  memory  stored  in  the  Low  Conduction  State.  As  an  example. 
Figure  9 shows  that  the  Gate  Threshold  Voltage  suffered  a shift  of  approx- 
imately -4.14  volts  at  the  dose  rate  level  of  8.0  x 1013  Rad(Si)/sec  while 
operating  in  the  High  Conduction  State.  However,  the  change  in  Threshold 
at  this  same  dose  rate  level  while  operating  in  the  Low  Conduction  State 
was  only  +0.35  volts.  This  phenomenon  was  just  the  opposite  from  the  results 
observed  in  Test  Phase  1.  The  data  from  this  phase  also  showed  (See  Figure 
10)  that  the  Reverse  devices  could  maintain  a readable  memory  in  either  state 
(without  a re-write)  at  total  dose  levels  beyond  1.5  x 106  Rad(Si).  These 
data  also  correlated  with  the  Sperry  Rand  Co-60  results. 
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Another  important  result  obtained  from  these  tests  was  that  all  of  the 
devices  survived  and  were  still  operating  properly  after  the  tests.  That  is, 
the  initial  Clear,  Write,  Read  and  Storage  Characteristics  did  not  change  as 
a result  of  the  radiation. 

CONCLUSIONS 

From  the  test  results  in  this  test  phase,  it  was  again  concluded  that 
the  MNOS  memory  transistor  can  survive  and  operate  in  a high  ionizing  dose 
rate  environment  with  no  permanent  electrical  changes  in  its  operational 
characteristics.  However,  it  was  also  concluded  that  the  high  dose  rate 
memory  losses  observed  in  Phase  1 were  due  to  a high  negative  voltage  gen- 
erating a false  Write  across  a high  impedance  gate-substrate  junction  during 
a radiation  burst.  Another  conclusion  was  that  this  false  Write  phenomenon 
could  be  eliminated  simply  by  grounding  the  gate  and  substrate  leads  to  a 
ground  potential.  And  finally,  grounding  the  gate  and  substrate  togethe. 
during  the  radiation  burst  resulted  in  a MNOS  memory  device  that  was  not 
dose  rate  dependent  (only  total  dose  dependent).  That  is,  the  losses  in 
memory  stored  in  the  MNOS  in  a high  dose  rate  environment,  were  the  same  as 
those  measured  in  a low  dose  rate  environment  (such  as  Co-60). 

DISCUSSION 

In  the  above  test  results,  it  was  shown  that  grounding  the  gate  and 

| 

substrate  leads  of  an  MNOS  memory  transistor  during  a high  dose  rate  rad- 
iation burst  would  eliminate  the  memory  disturb  mechanism  observed  in  Phase  1. 

However,  phyically  grounding  the  gate  and  substrate  junctions  of  an  actual 
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LSI  MNOS  Memory  array  during  a real  transient  radiation  burst  is  not  real- 
istic. A solution  to  the  problem  would  be  to  use  some  type  of  circumven- 
tion technique  that  would  allow  the  array  to  operate  normally  in  a non- 
radiation environment,  and  then  automatically  (during  a radiation  burst) 
clamp  the  gate  and  substract  junctions  to  some  common  potential  thereby 
preventing  a sudden  charge  buildup  across  the  gate  to  substrate  terminals. 
One  possible  circumvention  technique  that  could  be  used  is  illustrated  below 
in  Figure  11. 


BREAKDOWN  DIODE  (BIDIRECTIONAL) 


Figure  11.  Possible  Compensation  Circuit  using  a PNP  Bidirectional  Diode. 
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Figure  11  shows  a "back-to-back"  PNP  bidirectional  diode  in  parallel 
with  a high  gate  resistance  to  ground.  During  normal  operation  (no  radia- 

• | 

tion),  the  bidirectional  diode  should  act  as  a high  Impedance  to  ground  there- 
by allowing  the  application  of  both  positive  and  negative  Clear-Write-Read 
pulses  to  the  Gate  terminal.  During  a transient  radiation  pulse,  the  diode  ^ 

(which  will  also  be  exposed  to  the  radiation)  should  become  photoconductive 
and  clamp  the  Gate  terminal  to  the  same  ground  potential  as  the  substrate. 

Therefore  any  charge  buildup  across  the  Gate-Substrate  junction  should  be 
shunted  to  the  common  ground  through  the  conducting  diode.  If  this  pro- 
cedure works,  the  false  Write  phenomenon  observed  in  Phase  1 should  be 
automatically  eliminated.  Upon  completion  of  the  radiation  burst,  the  diode 
shQuld  return  to  its  normal  operation  condition,  again  allowing  the  proper 
gating  signals  to  appear  across  the  Gate-Substrate  terminals. 

RECOMMENDATIONS 

It  is  recommended  that  a third  series  of  high  dose  rate  tests  be  per- 
formed on  the  MNOS  memory  transistor  with  the  primary  objective  of  evaluat- 
ing the  compensation  circuit  in  Figure  11.  It  is  also  recommended  that  the 
third  series  of  tests  be  performed  in  two  different  high  dose  rate  environ- 
ments If  possible,  preferably  in  E-beam  and  flash  x-ray  environments  with 
comparable  dose  rate  levels  (See  Test  Phase  3).  The  reason  for  testing  in 
two  different  environments  is  to  determine  if  the  disturb  mechanism  observed 
in  Test  Phase  1 is  common  to  other  high  dose  rate  surroundings. 


HIGH  IONIZING  DOSE  RATE  EFFECTS  ON 
DISCRETE  MNOS  TRANSISTORS 
(PHASE  3) 


ABSTRACT 

This  report  describes  the  last  of  a series  of  high  dose  rate  tests  performed 
on  radiation  resistant  MNOS  memory  transistors  fabricated  by  Sperry  Rand.  The 
objectives  of  this  particular  effort  were  to  determine  the  effectiveness  of  the 
diode  compensation  circuit  (proposed  In  Phase  2)  In  eliminating  the  false  Write 
phenomenon  observed  In  Phase  1,  and  to  evaluate  this  circuit  along  with  the 
MNOS  devices  in  two  different  high  dose  rate  environments  (E-beam  and  X-ray). 

The  results  of  this  evaluation  showed  that  the  diode  compensation  circuit  was 
effective  (in  both  environments)  in  eliminating  the  radiation  induced  Write 
pulse.  Thus,  the  MNOS  device  was  made  only  total  dose  dependent.  Another  con- 
clusion was  the  false  Write  disturbance  was  found  to  be  greater  in  the  E-beam 
environment  than  in  the  flash  x-ray  environment.  This  was  attributed  to  the 
number  of  "Secondary  Electrons"  present  in  each  environment.  It  was  believed 
that  low  energy  secondary  electrons  being  driven  from  the  transistor  can  lids 
of  the  test  devices  and  attaching  themselves  to  the  posts  and  fly-wires  of  the 
memory  created  the  false  Write  effect.  The  effect  was  worse  in  the  E-beam  mode 
mainly  because  of  the  greater  concentration  of  electrons.  Finally,  from  these 
series  of  tests,  it  was  concluded  by  the  AFWL  that  the  MNOS  memory  transistor 
was  a viable  candidate  for  use  in  a nuclear  and  space  radiation  environment. 

As  a result,  AFWL  became  actively  involved  in  the  design,  testing,  and  fabri- 
cation of  a fully  decoded  radiation  hardened  MNOS  RAM  array. 
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INTRODUCTION 

In  Phases  1 and  2 of  this  test  series,  it  was  demonstrated  that  the 
Non-step  Gate  MNOS  Memory  Transistor  was  inherently  hard  to  high  dose  rate 
radiation,  if  the  Gate  and  Substrate  of  the  device  were  maintained  at  the 
same  ground  potential  during  the  burst.  Maintaining  a ground  potential  on 
these  two  terminals  resulted  In  an  MNOS  memory  cell  that  was  only  affected  by 
the  total  radiation  dose  absorbed.  The  rate  of  absorption  had  no  effect. 
However,  if  the  ground  potential  was  not  maintained  during  the  burst,  a poss- 
ible memory  loss  could  occur  from  a false  Write  pulse  being  created  across 
the  Gate/Substrate  junction  during  the  radiation.  If  this  occurred,  the 
MNOS  device  would  also  become  dose  rate  dependent.  Such  a dependency  would 
neutralize  the  non-volatility  feature  of  this  technology  in  high  transient 
radiation.  To  eliminate  this  problem,  a possible  circumvention  technique  was 
proposed  in  Phase  2.  This  proposed  technique  was  to  use  a bidirectional  break- 
down diode  installed  between  the  memory  Gate  and  the  grounded  Substrate.  The 
reason  for  using  such  a diode  was  that  in  a non-radiation  environment,  the 
diode  would  allow  the  memory  transistor  to  operate  normally.  However,  when 
the  circuit  was  subjected  to  a high  dose  rate  of  radiation,  the  diode  (through 
photoconduction)  would  automatically  clamp  the  Gate  terminal  to  the  same  ground 
as  the  substrate.  This  action  should  eliminate  the  false  Write  phenomenon. 

The  main  thrust  of  this  paper  is  to  evaluate  the  above  diode  technique 
in  two  different  high  dose  rate  radiation  environments.  The  two  test  environ- 
ments are:  (1)  the  AFWL  Febetron  705  Flash  X-ray  machine  operating  in  the  2 
MeV  E-beam  Vacuum  Mode,  and  (2)  the  AFWL  PI-1590  Super  Flash  X-ray  machine 
operating  in  the  10  MeV  Gamma  Mode.  Levels  of  dose  rate  testing  for  both 
environments  will  range  from  1011  to  2 x 1012  Rad(Si)/sec. 
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THE  MNOS  TEST  TRANSISTOR 


L 


The  MNOS  memory  transistor  that  was  used  in  this  evaluation  was  one  of 
four  different  experimental  gate  structures  built  especially  for  the  Air  Force 
Weapons  Laboratory  by  Sperry  Rand  in  1974  (ref.  1).  The  test  device  was  clas- 
sified as  a Fast  Forward,  non  step-gate,  P-channel  memory  transistor,  built 
on  a bulk  silicon  substrate.  Each  device  was  packaged  in  a standard  "KOVAR" 
TO-5  transistor  can.  Some  of  the  structures  and  electrical  characteristics 
are  summarized  below. 


Oxide  Thickness 
Nitride  Thickness 
Write  Voltage 
Write  Time 
Read  Time 
Retention 


20  Angstroms 
445  Angstroms 
24  Volts  (Nominal) 

2 pSec  or  Greater 
250  nSec  or  Less 
24  Hours  or  Greater 


The  above  device  was  chosen  because  of  its  performance  in  neutron  and 
total  gamma  radiation.  In  1 MeV  Pulse  Neutrons,  the  memory  transistors  sur- 
vived with  no  degrading  effects  at  exposure  levels  to  1015  n/cm2.  In  a low 
dose  rate  Co-60  environment,  the  devices  were  able  to  maintain  a memory 
(without  a Re-write)  at  exposure  levels  to  1 x 106  Rad(Si).  See  Figure  1. 
The  survival  level  in  Co-60  was  well  beyond  107  Rad(Si). 

Figure  1 shows  a typical  Zero  Bias  Retention  plot  of  one  of  the  test 
devices  recorded  under  non-radiation  and  Co-60  conditions.  The  Co-60  plot 


1.  Marraffino,  P,  et  al.  Design  and  Fabrication  of  Radiation  Hardened  MNOS 
Memory  Array,  AFWL-TR-74-209. 
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shows  that  at  an  exposure  level  of  1 x 106  Rad(Si),  approximately  30%  of  the 
orginal  memory  window  was  still  intact.  This  was  still  considered  large 
enough  to  discriminate  between  a logic  "1"  and  a logic  "0"  memory. 

TEST  OBJECTIVES  AND  APPROACH 

The  main  objective  in  this  test  phase  was  to  evaluate  the  Diode  Compen- 
sation circuit  presented  in  Phase  2.  The  second  objective  was  to  evaluate 
the  new  MNOS  memory  transistor  in  two  different  high  dose  rate  environments 
and  then  compare  the  results. 

To  achieve  these  two  objectives,  the  test  transistor  was  evaluated  under 
the  test  conditions  presented  in  Figure  2.  The  first  setup  illustrates  a 
worse  case  condition  where  large  threshold  voltage  shifts  were  recorded  after 
high  dose  rate  irradiations  (See  Test  Phase  1).  The  second  configuration 
represents  an  optimum  test  condition  where  no  charge  buildup  or  false  Write 
was  allowed  to  occur  across  the  leads  of  the  test  device.  This  setup  was 
used  in  Phase  2 and  in  the  Co-60  tests.  Test  condition  3 represents  the  cir- 
cumvention technique  where  a bidirectional  diode  was  installed  between  the 
memory  gate  and  the  grounded  substrate.  This  setup  allows  the  simulation  of 
a MNOS  memory  transistor  being  driven  by  a Metal  Oxide  Semiconductor  (MOS) 
type  device.  The  bidirectional  diode  should  become  photoconducting  during 
irradiation  in  the  same  way  a PNP  MOS  source-drain  junction  would  photo- 
conduct. If  the  diode  compensation  circuit  works,  it  should  simulate  (during 
the  radiation  burst)  the  test  conditions  presented  in  configuration  number  2. 

Note  that  for  this  particular  test  phase,  the  bidirectional  diode  was  composed 
of  two  single  1N914  diodes  wired  back-to-back. 


TEST  RESULTS  AND  ANALYSIS 


The  test  results  from  this  evaluation  showed  that  the  diode  compen- 
sation circuit  (Test  Condition  3)  did  eliminate  the  false  Write  phenomenon 
observed  under  Test  Condition  1.  The  compensation  circuit  was  effective  for 
both  the  E-beam  and  the  Flash  X-ray  environments.  In  the  comparison  tests 
between  the  two  high  dose  rate  environments,  the  results  showed  that  the  same 
effects  existed  in  both  environments,  but  at  different  magnitudes.  The  effects 
were  worse  In  the  2 MeV  E-beam.  Data  showed  that  the  memory  losses 
(for  the  same  dose  rate  levels)  in  the  E-beam  were  greater  by  a factor  of 
approximately  4 over  the  memory  losses  in  the  X-ray  mode.  Verification  of 
these  results  Is  presented  In  Figures  3 and  4. 

Figure  3 shows  the  Threshold  Voltage  shifts  (or  memory  losses)  of  nine 
Fast  Forward  MNOS  memory  transistors  as  a function  of  E-beam  total  dose  and 
dose  rate.  The  main  curve  presents  the  data  when  the  gates  of  the  test 
devices  were  clamped  at  1 Mn  above  the  substrate  ground  (Test  Condition  1). 

For  comparison  purposes,  the  threshold  shifts  as  a function  of  equivalent 
total  accumulated  dose  were  also  plotted  for  Co-60  exposures.  Finally,  a third 
plot  using  the  diode  compensation  circuit  on  three  of  the  test  transistors 
was  also  recorded. 

The  results  In  Figure  3 show  that  large  threshold  shifts  did  occur  In 
the  memory  devices  when  operating  in  the  High  Conduction  State  and  under  Test 
Condition  1.  As  an  example,  at  the  dose  rate  level  of  6 x 10n  Rad(Si)/sec 
[3  x 10s  Rad(Si)  of  total  dose],  the  shifts  were  large  enough  to  be  consider- 
ed a total  memory  loss.  A total  shift  in  memory  state  was  considered  to 
occur  at  the  dose  rate  level  of  1 x 1012  Rad(S1)/sec.  These  results  are  In 
agreement  with  the  data  obtained  in  the  Phase  1 tests. 


DOSE  RATE  - Rad(Si)/Sec 


FORWARD  MNOS.  Threshold  Voltage  Shifts  as  a function  of  2 MeV  E-beam  Total  Dose  and 
0 presented  for  Comparison. 


FORWARD  MNOS.  Threshold  Voltage  Shifts  as  a function  of  10  MeV  Gamma  Total  Dose  and 
>0  presented  for  Comparison. 


The  diode  compensation  results  of  Figure  3,  show  that  the  three  data 
points  agree  with  the  Co-60  plot.  That  is,  the  memory  losses  under  Test 
Condition  3 were  now  due  only  to  total  dose  irradiation.  The  false  Write 
phenomenon  observed  under  Test  Condition  1 has  been  eliminated.  This  find- 
ing verifies  the  effectiveness  of  the  PNP  diode  action  in  E-beam  radiation. 

To  find  out  whether  a high  dose  rate  gamma  source  would  give  the  same 
results  as  the  E-beam  experiments,  the  same  series  of  tests  with  the  same 
test  devices  was  performed  in  the  X-ray  Mode  using  the  AFWL  TREF  1590  machine. 
All  test  procedures  were  the  same.  The  only  differences  were  the  radiation 
type  and  spectrum.  Figure  4 presents  the  results. 

The  data  presented  show  clearly  that  the  same  effects  are  present  in 
the  Gamma  Mode  at  high  dose  rates  as  in  the  E-beam  Mode.  However,  the  extent 
of  the  effect  is  significantly  reduced.  As  an  example,  a dose  rate  level 
greater  than  2 x 1012  Rad(Si)/sec  in  the  Gamma  Mode  would  be  required  to 
produce  a total  memory  loss  in  one  of  the  test  transistors.  To  produce  the 
same  loss  in  the  E-beam  Mode  would  require  a dose  rate  of  only  6 x 1011 
Rad(Si )/sec. 

Again,  as  in  the  E-beam  tests,  the  results  of  Diode  Compensation  from 
the  gamma  dose  rate  tests  matched  the  low  dose  rate  Co-60  results.  This 
information  again  showed  that  there  was  no  true  dose  rate  radiation  shift 
for  MNOS  memories,  only  a spurious  Write  pulse  during  burst. 
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FINAL  CONCLUSIONS 


r 


From  this  test  evaluation  and  from  Phases  1 and  2,  the  following  con- 
clusions were  formulated. 

1.  The  MNOS  transistor  can  survive  and  operate  in  a high  dose  rate 
radiation  environment  with  no  permanent  changes  in  its  electrical  operat- 
ing characteristics.  This  means  that  even  after  a possible  memory  loss 

at  a high  dose  rate,  the  device  can  be  re-written  and  operated  as  if  it  was 
never  irradiated. 

2.  If  major  memory  losses  do  occur  in  a high  dose  environment,  they 

are  attributed  to  a negative  Write  voltage  generated  across  the  Gate-Substrate 
junction  during  the  radiation  burst.  This  is  true  only  if  there  is  a mod- 
erately high  impedance  between  the  Gate,  Substrate,  and  ground. 

3.  When  there  is  a high  impedance  between  the  Gate,  Substrate,  and  the 
ground  terminal  of  the  MNOS  device,  the  memory  losses  will  be  greater  in 
high  dose  rate  E-beam  environment  than  in  a high  dose  rate  gamma  environment. 

A reason  for  this  conclusion  is  presented  in  the  DISCUSSION. 

4.  Shunting  the  charge  buildup  across  the  Gate-Substrate  junction  dur- 
ing the  radiation  burst  will  result  in  a MNOS  memory  transistor  that  is  not 
dose  rate  dependent  (only  total  dose  dependent).  That  is,  if  the  charge 
buildup  can  be  prevented  on  the  Gate-Substrate  leads  during  the  radiation 
shot,  the  resulting  threshold  shifts  (or  memory  losses)  will  be  of  the  same 
magnitude  as  those  measured  in  a lower  dose  rate  environment  of  equivalent 
total  absorbed  dose  (Co-60). 

5.  Finally,  the  false  Write  phenomemon  observed  throughout  the  evaluation 


can  be  automatically  circumvented  by  using  bidirectional  diode  techniques. 


DISCUSSION 


In  the  above  three  test  evaluations  it  was  observed  that  there  was  a 
Write  disturb  mechanism  that  was  caused  by  a high  negative  voltage  being 
generated  across  a high  impedance  Gate-Substrate  junction  of  the  test  devices 
during  a radiation  burst.  This  disturb  mechanism  was  the  cause  of  the  memory 
losses  at  dose  rate  levels  lower  that  predicted  and  was  greater  in  the  E-beam 
Mode  than  it  was  in  the  Gamma  Mode.  Up  till  this  last  phase  of  testing,  the 
source  of  this  sudden  charge  buildup  was  not  idenified.  But,  as  a result  of 
the  false  Write  effect  appearing  in  both  of  the  transient  modes,  a possible 
source  could  now  be  identified.  This  source  was  "Secondary  Electrons". 

Secondary  Electrons  have  been  know  to  appear  in  both  of  the  test  environments 
when  the  beams  (at  high  dose  rates)  were  directed  at  thin  metal  targets.  It 
is  now  believed  that  low  energy  secondary  electrons  were  driven  off  the  can 
lids  of  the  test  devices  during  the  tests.  The  result  was  that  these  low 
energy  electrons  did  not  penetrate  the  target,  but  did  attach  themselves  to 
the  post  and  fly-wires  of  the  memory  device,  creating  a large  negative  voltage 
pulse  across  a high  impedance  path  to  ground.  In  some  of  the  above  tests,  the 
external  Gate  to  Ground  to  Substrate  path  was  a high  impedance.  The  final 
effect  was  a false  Write  pulse  re-writing  a memory  during  a radiation  burst. 

This  phenomenon  was  greater  in  the  2 MeV  E-beam  environment  because 
there  was  a greater  number  of  low  energy  electrons,  mainly  from  the  beam  itself. 
Adding  the  bidirectional  diode  to  the  circuit  simply  removed  the  high  imped- 
ance path  during  the  irradiation,  thereby  preventing  a charge  build-up.  The 
result  was  there  was  no  false  Write. 

From  these  three  series  of  high  dose  rate  tests,  it  was  concluded  that 
the  MNOS  memory  transistor  is  a viable  candidate  for  use  in  nuclear  and  space 
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radiation  environments.  The  device  was  inherently  hard  to  neutron  irrad- 
iation, Co-60  irradiation,  and  high  dose  rate  irradiation.  All  that  was 
necessary  was  to  reduce  the  susceptibility  to  large  voltage  buildups  re- 
sulting from  secondary  electrons.  Using  a circumvention  technique  like  the 
one  presented  in  Phases  2 and  3 of  this  evaluation  would  solve  this  problem. 

As  a result  of  this  effort,  the  Air  Force  Weapons  Laboratory  became  act- 
ively involved  in  1973  (with  Sperry  Rand)  to  design,  test,  and  fabricate 

. 

a fully  decoded  radiation  hardened  MNOS  RAM  array. 


IONIZING  DOSE  RATE  AND  TOTAL  DOSE  TESTS  ON 
RADIATION  HARDENED  PMOS  TRANSISTORS 
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ABSTRACT 

This  report  presents  the  ionizing  radiation  total  dose  and  dose-rate 
evaluation  performed  on  a radiation  hardened  P-channel  Metal  Oxide  Semiconductor 
(PMOS)  transistor  fabricated  in  1973  by  Sperry  Rand.  The  objective  of  this 
evaluation  was  to  determine  the  susceptibility  of  the  PMOS  technology  (on  bulk 
silicon)  which  was  to  be  used  for  the  decoder  circuitry  of  a radiation  hardened 
LSI  MNOS  RAM  array  under  development  by  the  Air  Force  Weapons  Laboratory. 

Results  from  the  effort  showed  that  the  permanent  degradation  of  the  Gate 
Threshold  Voltages  for  the  test  devices  was  directly  dependent  upon  the  total 
dose  absorbed  and  the  Applied  Gate  Bias  during  irradiation.  The  greatest 
degradation  occurred  when  the  test  devices  were  under  a positive  bias,  and  the 
least  degradation  occurred  when  the  transistors  were  under  zero  or  negative 
bias.  The  optimum  Gate  to  Substrate  bias  was  zero  volts.  Under  this  condition, 
the  PMOS  devices  could  absorb  a total  dose  of  Co-60  irradiation  of  at  least 

1 x 106  Rad(Si)  and  a dose  rate  of  flash  x-ray  irradiation  of  at  least 

2 x 1012  Rad(Si)/sec  before  the  failure  criterion  was  met.  The  results  also 
showed  that  for  the  same  total  dose  absorbed,  at  the  same  Applied  Gate  Bias, 
the  degradation  of  the  Gate  Threshold  Voltage  was  greater  in  the  high  dose  rate 
environment  than  in  the  low  dose  rate  environment.  This  phenomenon  was 
attributed  to  an  effective  positive  Gate  Bias  (proportional  to  the  dose  rate 
level)  being  generated  across  the  external  Gate  to  Substrate  resistance  path 
and  to  a "Photovoltaic"  Bias  Effect  being  generated  within  the  Substrate  of  the 
test  device  itself. 
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INTRODUCTION 


In  the  preceding  evaluations,  it  was  shown  that  the  MNOS  memory  tran- 
sistor had  a high  tolerance  to  nuclear  radiation.  As  a result,  the  Air 
Force  Weapons  Laboratory  initiated  an  effort  with  Sperry  Rand  to  design, 
fabricate  and  test  a Large  Scale  Intergrated  (LSI)  MNOS  RAM  array  suitable 
for  application  in  a nuclear  and  space  radiation  environment. 

One  of  the  first  objectives  of  this  new  effort  was  to  develop  a hardened 
peripheral  technology  which  could  be  incorporated  on  the  same  chip  as  the 
MNOS  memory  cells  and  be  used  as  the  decoder  circuitry.  In  selecting  the 
the  proper  technology,  "Available  Resources",  "Risk",  and  "Time"  were  used 
as  the  main  guide  lines.  Under  these  restraints,  the  P-channel  Metal  Oxide 
Semiconductor  (PMOS)  technology  was  chosen.  This  technology  differed  from 
the  MNOS  in  that  the  PMOS  was  a Fixed  Threshold  device  was  subjected  to 
permanent  Gate  Threshold  changes  in  radiation  environments.  However,  in  the 
1974  to  1975  time  frame,  this  technology  had  a broad  exposure  and  showed  a 
high  probability  for  success,  when  integrated  with  MNOS. 

The  main  objective  of  this  paper  is  to  evaluate  this  PMOS  technology  in 
ionizing  raa  ition  environments.  This  was  done  with  the  use  of  special  Enhance- 
ment Mode  PMOS  (on  bulk  silicon)  devices  incorporating  a "clean"  Gate  oxide 
for  radiation  hardness.  Environments  used  for  this  evaluation  were  the  Sandia 
Laboratories  Co-60  source  and  the  AFWL  PI-1590  10  MeV  peak  Flash  X-ray  machine 
(FXR).  Total  dose  and  dose  rate  data  were  obtained. 
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THE  PMOS  TEST  TRANSISTOR 


The  device  type  tested  in  this  evaluation  was  chosen  from  a group  of 
four  PMOS  gate  structures,  all  fabricated  for  the  AFWL  by  Sperry  Rand  in  Nov- 
ember of  1973.  Major  characteristics  of  the  device  chosen  were  that  it  had 
a Gate  structure  of  approximately  1150  Angstroms  of  "Aubuchon"  clean  oxide, 
a Drain-Source  Breakdown  Voltage  of  approximately  48  volts,  and  a pre- 
radiation Gate  Threshold  Voltage  of  approximately  -2  volts. 

Selection  of  this  particular  structure  over  the  other  three  was  made 
from  preliminary  radiation  tests  performed  at  the  Sandia  Laboratories  SPR  II 
nuclear  reactor  and  Co-60  source  (ref.  1).  The  test  results  showed  that  the 
clean  oxide  structure  could  survive  1 MeV  neutron  irradiation  up  to  1015  n/cm1 2 
with  no  degrading  effects,  and  suffer  a permanent  shift  in  Gate  Threshold 
Voltage  of  less  than  2 volts  (under  zero  bias)  after  absorbing  a total  dose 
of  Co-60  radiation  of  1 x 106  Rad(Si).  The  three  other  device  types  (with 
oxynitride  gates)  suffered  the  same  shift  after  absorbing  a total  dose  of 
only  1 x 105  Rad(Si),  an  order  of  magnitue  lower  in  total  gamma  radiation 
hardness  than  the  clean  oxide  structure. 

Each  of  the  transistors  tested  in  this  evaluation  was  packaged  in  a four- 
lead  TO-5  transistor  can.  The  mask  configuation  was  the  same  design  used 
in  the  previous  MNOS  test  devices  (See  Figure  1 in  the  first  test  phase  of 
the  MNOS  evaluation). 


1.  Marraffino,  P,  et  al.  Design  and  Fabrication  of  Radiation  Hardened  MNOS 

Memory  Array,  AFWL-TR-74-209. 


67 


TEST  OBJECTIVES  AND  APPROACH 


The  objective  of  this  evaluation  was  to  determine  the  effects  of  total 
dose  and  dose  rate  radiation  on  the  "Static  Characteristics"  of  the  PMOS 
test  device.  The  Static  Characteristics  define  the  operation  of  the  test 
transistor  under  the  influence  of  applied  DC  voltages.  In  this  test,  the 
primary  interest  is  in  determining  the  permanent  changes  in  the  Gate  Thres- 
hold Voltage  before  and  after  a particular  total  dose  or  dose  rate  radiation. 

The  basic  setup  for  this  series  of  tests  is  illustrated  below  in  Figure  1. 


1 
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(Co-60) 


(Flash  X-ray) 


Figure  1.  Co-60  and  Flaxh  X-ray  PMOS  Test  Configurations. 

In  the  total  dose  tests,  the  PMOS  devices  were  irradiated  (while  under 
different  Gate  biases)  in  a Co-60  source  at  Sandia  Laboratories.  The  devices 
were  irradiated  beyond  a total  dose  level  of  1 x 10G  Rad ( Si ) at  the  low  dose 
rate  of  4.7  x 102  Rad(Si)/sec.  The  data  showed  the  permanent  changes  in  the 
Gate  Threshold  Voltage  as  a function  of  total  gamma  dose  and  applied  Gate 
bias . 
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In  the  high  dose  rate  tests,  the  devices  were  irradiated  in  the  X-ray 
Mode  at  the  AFWL  1590  Super  Flash  X-ray  Facility.  The  dose  rate  levels  of 
exposure  ranged  from  2 x 1011  to  2 x 1012  Rad(Si)/sec.  The  transistors  were 
irradiated  with  resistors  of  different  values  installed  between  the  Gate  and 
grounded  Substrate  leads.  Values  of  these  resistors  ranged  from  100  ohms 
to  1 Megohm.  No  Gate  bias  voltage  was  applied  during  the  radiation  period. 

The  motivation  for  using  this  setup  was  to  measure  the  effects  of  charge  and 
Gate  voltage  buildup  under  high  and  low  Gate  to  Ground  impedance.  Data  show- 
ed the  permanent  changes  in  the  Gate  Threshold  Voltage  as  a function  of  applied 
dose  rate  and  external  Gate  to  Substrate  resistance. 

C0-60  TEST  RESULTS 

The  Co-60  test  results  are  presented  in  Figures  2 through  4.  Basically, 
the  data  show  that  the  special  PMOS  test  transistor  is  "bias  dependent"  when 
operating  in  a total  dose  gamma  environment.  That  is,  the  permanent  Gate 
Threshold  Voltage  Shift  (aV^)  is  not  only  a function  of  the  total  absorbed 
radiation  dose,  but  also  dependent  upon  the  applied  Gate  bias  during  the 
radiation. 

The  results  show  that  the  test  device  has  a high  resistance  to  the  total 
dose  irradiation  while  operating  under  zero  or  negative  Gate  bias  conditions 
(See  Figure  2).  At  zero  Gate  bias,  the  permanent  shift  in  the  Gate  Threshold 
was  less  than  -2  volts,  even  after  absorbing  1 x 106  Rad(Si)  of  total  dose. 

At  this  high  dose  level,  under  -30  volts  Gate  bias,  the  shift  was  still  only 
approximately  -2.5  volts.  This  was  not  the  case  for  positive  bias. 

Under  positive  bias  conditions,  the  permanent  shift  in  Gate  Threshold 
Voltage  as  a function  of  total  dose  were  more  pronounced  (See  Figure  3). 
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Figure  2.  Co-60  Data.  Gate  Threshold  Voltage  Shift  versus  Total  Gamma  Dose  for  the  PMOS 

Test  Transistors  with  NEGATIVE  Applied  Gate  Bias  Voltages. 
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Figure  4.  Co-60  Data.  Gate  Threshold  Voltage  Shift  versus  Total  Gamma  Dose  for 

the  PMOS  Test  Transistors  operating  with  a POSITIVE  or  NEGATIVE  Applied  Gate  Bias. 
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For  example,  under  a Gate  bias  of  +5.0  volts,  the  threshold  voltages  suffered 

permanent  shifts  of  approximately  -2  volts  after  absorblnq  a total  dose 
of  only  a little  over  1 x 104  Rad(Si).  This  amounts  to  a radiation  hard- 
ness level  of  at  least  two  orders  of  magnitude  lower  than  that  observed  under 
zero  bias.  In  fact,  even  with  a positive  bias  of  only  +0.2  volts,  the  thresh 
old  was  still  qreater  than  those  measured  under  -30  volts. 

The  magnitude  of  this  bias  dependency  is  best  seen  in  Figure  4.  Shown 
are  the  permanent  shifts  in  the  Gate  Threshold  Voltage  (for  three  different 
levels  of  total  dose)  as  a function  of  positive  and  negative  Gate  bias. 
Basically,  the  plots  show  that  the  PMOS  test  transistors  will  have  a high 
resistance  to  total  dose  radiation  as  long  as  the  applied  Gate  bias  remains 
negative.  However,  if  the  bias  were  allowed  to  go  positive  (even  by  a few 
millivolts),  the  susceptibility  to  radiation  would  be  greatly  increased. 

FLASH  X-RAY  TEST  RESULTS 

The  flash  x-ray  evaluation  showed  that  the  PMOS  test  transistor  had  a 
susceptibility  to  high  dose  rate  ionizing  radiation.  This  was  especially 
true  if  there  was  a high  external  impedance  between  the  Gate  lead  and  the 
Substrate  junction.  Figure  5 shows  this  sensitivity. 

The  results  showed  that  the  permanent  Gate  Threshold  Voltage  shifts 
recorded  on  the  test  devices  and  as  a function  of  dose  rate  radiation,  were 
directly  dependent  upon  the  size  of  the  Gate  resistor.  As  an  example,  using 
a -2  volt  shift  as  a failure  criterion,  the  data  show  that  the  test  devices 
would  fail  at  a dose  rate  level  of  approximately  6 x 10n  Rad(Si)/sec  with 
a 10  to  Gate  resistor,  fail  at  9 x 1011  Rad(Si)/sec  with  a 100  ohm  Gate 


DOSE  RATE  - RAD(Si)/SEC 


Figure  5.  Flash  X-ray  and  Co-60  Data.  Comparison  of  the  Gate  Threshold  Voltage  Shift  versus 
Total  Gamma  Dose  for  the  PMOS  Test  Transistors.  The  Dose  Rate  Scale  is  for  Flash  X-Ray  Only. 
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resistor,  and  fail  somewhere  beyond  2 x 1012  Rad(Si)/sec  with  zero  Gate  res- 
istance. 

The  results  also  showed  that,  no  matter  how  small  the  external  Gate  to 
Substrate  resistance  was  made,  the  recorded  shifts  in  the  high  dose  rate 
environment  were  still  greater  that  those  obtained  in  the  low  dose  rate  Co-60 
source.  This  can  be  seen  in  Figure  5 where  the  flash  x-ray  results  taken 
under  zero  Gate  resistance  (all  leads  clamped  at  ground)  did  not  match  the 
Co-60  data.  This  phenomenon  could  not  be  explained  by  the  preceding  MOS  or 
MNOS  model.  As  a result,  a new  model  had  to  be  formulated.  This  model  is 
presented  in  the  Analysis. 


ANALYSIS 


In  the  total  dose  or  Co-60  tests,  the  data  showed  that  the  permanent 
Gate  Threshold  Voltage  Shifts  were  a function  of  the  total  absorbed  rad- 
iation dose  and  the  applied  Gate  Bias.  This  effect  is  not  new,  for  it  was  pre- 
dicted back  in  1967  (ref.  2).  In  that  prediction,  the  shift  in  the  Gate  Thresh- 
old Voltage  of  a MOS  device  in  a low  dose  rate  radiation  environment  was 
attributed  to  a net  positive  "space-charge"  within  the  Gate  oxide  of  the  device 
itself.  The  amount  of  space-charge  buildup  was  found  to  be  a function  of  the 
total  irradiated  dose  and  the  applied  Gate  Bias.  A positive  bias  during  irrad- 
iation produced  the  greatest  net  charge.  When  the  irradiation  ceased,  the 
net  positive  space-charge  remined  in  the  oxide  and  produced  the  same  effect 
as  a positive  Gate  Bias.  When  this  occurred  in  the  PMOS  test  devices,  the 


i 


2.  Mitchell,  J.P.,  Radiation  Induced  Space-Charge  Buildup  in  MOS  Structures, 
IEEE  Trans,  on  Electron  Devices,  ED-14,  No. 11,  November  1967. 
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effective  threshold  (or  turn-on  voltage)  was  shifted  towards  a more  negative 
value.  This  action  resulted  in  a decrease  in  the  turn-on  speed  and  a slow- 
ing down  of  the  device  operation. 

In  the  dose  rate  or  flash  x-ray  tests,  the  findings  showed  that  the  per- 
manent Gate  Threshold  Voltages  occurring  in  the  PMOS  test  devices  were  a func- 
tion of  the  dose  rate  and  the  Gate  to  Substrate  resistor.  The  results  also 
showed  that  (for  the  same  test  conditions)  the  resulting  threshold  shift  for 
the  same  absorbed  total  dose  was  greater  in  the  high  dose  rate  flash  x-ray 
environment  than  in  the  low  dose  rate  Co-60  environment.  This  finding  sug- 
gested an  existence  of  a "dose  rate  effect"  associated  with  the  test  device. 

In  studying  the  dose  rate  results  and  associated  literature,  it 
was  discovered  that  there  was  no  available  model  which  would  satisfactorily 
predict  the  recorded  data.  As  a result,  it  became  necessary  to  develope  a 
new  model  which  could  explain  the  results.  In  formulating  the  new  model, 
it  was  generally  agreed  that  the  large  permanent  threshold  shifts  recorded 
in  the  high  dose  rate  tests  were  enhanced  by  a positive  Gate  Bias  being 
generated  across  the  Gate-Substrate  junction  during  the  radiation  burst. 

This  assumption  was  based  upon  two  facts: 

1.  A change  in  the  external  Gate  resistance  (with  no  voltage  applied) 
had  a large  effect  on  the  recorded  threshold  shifts.  This  indicated  that 

a bias  voltage  was  being  generated  across  this  resistor  by  some  type  of 
"replacement  current"  during  the  irradiation. 

2.  The  Co-60  results  showed  the  same  magnitudes  of  threshold  shifts  when 
the  test  devices  were  irradiated  under  positive  Gate  Biases  of  less  than 
+5.0  volts.  Equivalent  shifts  were  never  obtained  with  a negative  bias,  even 
if  the  value  was  as  high  as  -30  volts. 
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A mode]  was  then  proposed  using  the  positive  bias  assumption  as  a base. 


j 


i 


. 


The  construction  of  this  model  was  centered  around  three  dose  rate  disturb 
mechanisms,  all  occurring  at  the  same  time.  These  mechanisms  were:  (1)  a 
sudden  positive  space  charge  buildup  within  the  Gate  structure  during  the 
irradiation,  (2)  a replacement  current  flowing  through  the  Gate  resistor  off- 
setting the  space  charge,  and  (3)  a "photovoltaic"  effect  generated  within 
the  bulk  substrate  of  the  test  device  itself. 

The  first  mechanism,  the  sudden  positive  charge  buildup  within  the  Gate; 
was  assumed  to  be  caused  by  high  energy  photons  (from  the  FXR  machine)  knock- 
ing  off  electrons  from  the  Gate  metallization  and  oxide.  This  action 
then  caused  a replacement  current  (the  second  mechanism)  to  flow  from  the 
ground  terminal,  up  through  the  Gate  resistor,  and  then  to  the  Gate.  This 
current  would  flow  until  the  positive  space  charge  was  neutralized.  A result 
of  this  current  flow  would  be  a voltage  drop  across  the  Gate  resistor,  there- 
by creating  a positive  bias  across  the  Gate-Substrate  junction.  The  magnitude 
of  this  bias  would  depend  upon  the  rate  of  the  radiation  dose  and  the  size 
of  the  Gate  resistor.  The  length  of  time  that  this  bias  remained  on  the  Gate 
would  depend  upon  the  RC  Time  Constant  of  the  Gate  resistance  and  capaci- 
tance. 

If  the  Gate  resistance  was  zero  ohms  durinq  the  burst,  there  would 
be  no  Gate  Bias  generated  by  the  replacement  current.  However,  there  would 
still  be  an  effective  bias  (positive  for  PMOS)  created  within  the  Substrate 
by  a photovoltaic  effect.  The  response  model  for  this  effect  is  shown  in 
Figure  6.  In  this  model  the  diodes  represent  the  Source  and  Drain  of  the 
test  device.  The  resistance  is  the  Substrate  located  between  the  channel 
region  and  the  Substrate  ground  contact.  This  resistance  Includes  the  radiation 
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DRAIN -TO- SUBSTRATE  JUNCTION 


78 


Figure  6.  PMOS  Transistor  Transient  Radiation  Response  Model. 


induced  conductivity  modulation,  plus  any  lead  and  metal ization  impedance. 
During  intense  irradiation,  the  diodes  become  photovoltaic  cells  loaded  by 
the  substrate  resistor.  The  resulting  voltage  across  this  substrate  resis- 
tor, negative  in  P-channel  MOS,  increases  with  increasing  dose  rate  until 


a saturation  level  is  reached.  This  photovoltaic  effect  results  in  an  addi- 


tional bias  being  generated  across  the  Gate  oxide  (positive  for  PMOS  and 
negative  for  NMOS)  during  the  burst.  For  a silicon  substrate,  this  additional 


bias  can  vary  from  0 to  1 volt. 


Analyzing  the  model  further,  by  noting  that  the  channel  region  is  sep- 


arated from  ground  by  the  Source  and  Drain  junctions  on  one  side  and  the  Sub- 


strate resistance  on  the  other,  results  in  a small  signal  model  with  the 


following  equation: 


= V,k/R  + I (e 


photo  ab'  s o 


qVab/KT 


This  equation  states  that  the  photocurrent  ( Iphoto^  be1n9  generated 
in  the  Substrate  of  the  device  during  a transient  radiation  pulse  is  equal 


to  the  current  flowing  through  the  substrate  resistor  (R$)  plus  the  diode 


current  I (e  qVab/KT  _ ^ The  voltage  term  (V  . ) represents  the  potential 


being  generated  across  the  parallel  combination  of  the  substrate  resistor  and 


the  source-drain  diode.  This  voltage  is  the  term  that  actually  changes  the 


effective  Gate  voltage.  Note  that  the  effective  Gate  voltage  is  the  actual 


voltage  appearing  across  the  Gate  oxide,  which  is  the  difference  between  the 
Gate- to-ground  voltage  and  (V^).  The  IQ  (e  - l)  term  is  the  D.C. 


Source-Drain-Substrate  diode  forward  current  and  is  a function  of  Applied 


Gate  Bias.  The  "q"  in  the  exponential  term  is  the  electron  charge. 


i 


This  particular  response  model  was  verified  at  the  Air  Force  Weapons 
Laboratory  in  the  spring  of  1975,  and  the  results  were  published  in  the  IEEE 
Transactions  (See  Reference  3). 


CONCLUSIONS 

From  this  test  evaluation,  the  following  conclusions  were  formulated  on 
the  hardened  Gate  PMOS  test  transistors: 

In  both  radiation  environments  (Co-60  and  flash  x-ray),  the  permanent 
degradation  of  the  Gate  Threshold  Voltages  for  the  test  devices  was  directly 
dependent  upon  the  total  dose  absorbed  and  the  Applied  Gate  Bias  during 
irradiation.  The  greatest  degradation  occurred  when  the  devices  were  irrad- 
iated under  a positive  Gate  bias.  The  least  degradation  occurred  when  they 
were  irradiated  under  a zero  or  negative  bias.  The  optimum  Gate  bias  for 
minimum  degradation  was  zero  volts.  Under  this  condition,  the  PMOS  test 
transistors  could  absorb  a total  dose  of  Co-60  irradiation  of  at  least  1 x 106 
Rad(Si)  and  a dose  rate  of  flash  x-ray  irradiation  of  at  least  2 x 1012  Rad 
(Si)/sec  before  failure  would  occurred. 

Also,  for  the  same  absorbed  total  dose  and  for  the  same  Applied  Gate 
Bias,  the  degradation  of  the  Threshold  Voltages  was  greater  in  the  high 
dose  rate  flash  x-ray  environment  than  in  the  low  dose  rate  Co-60  environment. 
This  phenomenon  was  attributed  to  an  additional  positive  Gate  bias  that  was 
generated  across  the  external  Gate  to  Substrate  resistance  path,  and  across 


3.  Maier,  R.J.  and  Tallon,  R.W.,  Dose-Rate  Effects  in  the  Permanent  Thres- 
hold Voltage  Shifts  of  MOS  Transistors,  IEEE  Trans,  on  Nuclear  Science,  Vol. 
NS-22,  No.  6,  December  1975. 
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the  internal  resistance  path  of  the  Substrate  itself,  during  the  radiation 
burst.  The  additional  positive  Gate  bias  being  generated  across  the  exter- 
nal Gate  to  Substrate  resistance  was  attributed  to  replacement  currents  being 
created  during  the  irradiation.  The  additional  positive  bias  generated  within 
the  silicon  substrate  was  attributed  to  a Photovoltaic  effect.  Both  of  these 
effects  were  concluded  to  be  dose  rate  dependent. 


DISCUSSION 

From  this  evaluation  and  others,  the  feasibility  of  using  this  PMOS 
technology  for  the  peripheral  circuitry  of  a radiation  hardened  MNOS  RAM  array 
has  been  demonstrated.  The  only  major  detectable  weakness  to  ionizing  rad- 
iation occurs  when  the  PMOS  Gate  Bias  is  a positive  voltage  during  the  irrad- 
iation. Under  this  condition,  the  PMOS  is  highly  susceptible.  However,  this 
should  not  be  a problem  in  a low  dose  rate  environment  (such  as  Co-60), 
because  the  normal  designed  operating  Gate  Bias  for  this  technology  ranges 
between  0 and  -30  volts.  The  only  possibility  of  the  Gate  Bias  inadvertently 
going  positive  (during  the  radiation  period)  is  in  a high  dose  rate  environment 
when  there  is  a high  external  impedance  betwwen  the  Gate  and  Substrate  ter- 
minals. This  potential  problem  can  be  eliminated  by  using  the  same  bidirec- 
tional diode  compensation  technique  developed  earlier  in  the  discrete  MNOS  eval- 
uation (See  Phase  3 of  the  discrete  MNOS  test  section).  The  other  high  dose 
rate  phenomenon,  the  Photovoltaic  Bias  Effect,  should  not  be  a problem.  This 
effect  will  not  become  a factor  until  the  dose  rate  level  of  radiation  goes 
well  beyond  5 x 10n  Rad(Si)/sec.  Even  with  this  effect,  the  above  PMOS  tech- 
nology should  survive  beyond  1 x 1012  Rad(Si)/sec. 
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SECTION  III 

MNOS  MEMORY  ARRAY  STUDIES 


IONIZING  DOSE  RATE  AND  TOTAL  DOSE  TESTS  ON  THE  NITRON 
NONVOLATILE  256-BIT  MNOS  EAROM  ARRAY  NO.  (NCM  7040) 

ABSTRACT 

Ionizing  dose-rate  and  total  dose  tests  have  been  performed  on  the  Nitron 
NCM  7040  EAROM  array.  Results  from  these  tests  have  shown  that  the  devices  can 
survive  dose-rate  levels  as  high  as  7 x 10n  Rad(Si)/sec  with  no  loss  of  memory 
data  or  permanent  degradation  in  device  operation.  However,  under  certain  test 
conditions,  the  "Read"  and  "Write"  modes  of  the  arrays  can  be  temporarily  inter- 
rupted. In  the  Read  mode,  this  interruption  can  be  induced  at  dose-rate  levels 
of  2 x 107  Rad(Si)/sec  and  higher,  if  the  radiation  burst  is  applied  when  "Data 
Output"  information  is  just  starting  to  come  out  of  the  memory.  In  the  Write 
mode,  upsets  can  be  induced  at  dose-rate  levels  as  low  as  2.5  x 107  Rad(Si)/sec, 
if  the  burst  is  applied  at  the  start  of  a "Write  Setup  Time."  Also,  the  total 
dose  tests  have  shown  that  the  memory  array  can  accumulate  a total  dose  of 
gamma  radiation  in  excess  of  1.5  x 104  Rad(Si)  and  survive,  while  cycling 
through  its  Operational  Modes  at  the  maximum  rate. 
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INTRODUCTION 


This  evaluation  covers  the  ionizing  dose-rate  and  total  dose  radiation 
tests  performed  on  the  Nitron  256-bit,  bulk  silicon,  MNOS  EAROM  array  labeled 
NCM  7040.  The  dose-rate  tests  were  performed  at  the  Air  Force  Weapons  Lab- 
oratory's Transient  Radiation  Facility  using  a Febetron  705  X-ray  machine. 

The  tests  were  performed  using  the  Febetron  705  in  the  X-ray  mode  and  in  the 
E-beam  mode.  The  total  dose  tests  were  performed  at  a Co-60  source  located 
at  Sandia  Laboratories,  New  Mexico.  The  overall  objective  of  these  tests  was 
to  obtain  background  data  and  evaluate  test  procedures  which  could  be  used  in 
future  radiation  tests  on  other  MNOS  arrays  now  under  development. 

THE  NITRON  NCM  7040 

The  NCM  7040  was  chosen  for  this  evaluation  because  it  was  one  of  the  first 
fully  decoded  MNOS  memory  arrays  that  was  commercially  available.  A photograph 
and  simplified  block  diagram  of  the  device  is  shown  in  Figure  (1).  The  device 
is  a 64  by  4-bit  word,  electrically  alterable,  non-volatile  memory.  It  uses 
standard  supply  voltages  of  +5  and  +15  volts.  Other  major  features  are:  (1) 
fully  decoded  addressing,  (2)  four  words  per  block  erasability,  and  (3)  tri- 
level 1/0  for  T^L  and  CMOS  compatibility.  Basically,  the  NCM  7040  is  designed 
for  applications  where  data  must  be  stored  for  indefinite  periods  without  power. 

RADIATION  TEST  OBJECTIVES 

Dose-Rate:  The  objectives  of  the  dose-rate  tests  were  to  determine  (1) 
the  dose-rate  levels  needed  to  upset  or  jam  the  operational  modes  of  the  device. 
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A2  thru  A5  selects  a 
particular  block  in  a 
group  of  16. 
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Figure  1.  Photograph  and  Simplified  Block  Diagram  of  the  Nitron  NCM  7040 
256-bit,  MNOS  EAROM  Array. 


(2)  the  maximum  dose-rate  levels  the  device  could  withstand  and  still  operate 
after  the  burst,  and  (3)  the  length  of  time  needed  to  recover  from  a partic- 
ular radiation  burst. 

Total  Dose:  In  the  Co-60  tests,  the  objective  was  to  determine  the 
permanent  or  temporary  changes  in  the  memory's  characteristics  (under  differ- 
ent operating  conditions)  as  a result  of  a given  amount  of  ionizing  radiation. 

TEST  SETUP 

In  order  to  achieve  the  above  objectives  (especially  in  the  dose-rate 
tests),  the  test  setup  had  to  have  the  following  capabilities:  (1)  the  ability 
to  place  the  radiation  burst  at  any  point  within  the  test  cycle,  (2)  the  ability 
to  exercise  the  memory  array  at  its  maximum  cycle  rate  with  the  test  device  in 
the  test  cell,  (3)  the  ability  to  record  the  memory  responses  before,  during, 
and  immediately  after  the  radiation  burst,  and  (4)  the  ability  to  make  a deci- 
sion on  the  effectiveness  of  the  radiation. 

The  radiation  test  setup  that  was  used  to  meet  these  requirements  is 
illustrated  in  Figure  (2).  Shown  is  the  256-bit  memory  device  being  electrically 
exercised  in  the  radiation  test  cell  by  a Macrodata  MD-104  LSI  tester  (in 
a remote  data  room)  through  as  "Interface  Board."  The  Macrodata  provides  the 
control  functions  (Clear,  Write,  and  Read),  address  generations,  the  data 
patterns  to  the  Interface  Board,  and  the  responses  to  the  data  returning  from 
the  board.  The  Interface  Board  provides  the  voltage  transitions  between  the 
TTL  output  levels  of  the  Macrodata  and  the  ± 15  volt  levels  of  the  test  device. 


The  board  also  provides  adjustable  controls  over  the  timing  and  the  pulse 
widths  of  the  memory  gating  signals.  Some  of  the  major  timing  parameters 
provided  by  the  setup  for  this  evaluation  were: 

(1)  Read  Cycle  Time  = 5ysec 

(2)  Chip  Access  Write  Time  = 1.4ms 

(3)  Total  Block  Write  Time  = 2ms,  and 

(4)  Data  Strobe  Time  = 2usec 

These  timing  gates  were  set  to  accommodate  the  slowest  of  the  ten  devices 
tested.  They  were  within  the  maximum  parameter  ranges  specified  by  the 
manufacturer.  Also,  the  Data  Strobe  Time  was  the  amount  of  time  given 
to  the  test  devices  to  respond  to  a Read  pulse.  As  used  here,  the  Data  Strobe 
is  an  indirect  measurement  of  the  memory  Read  Access  Time.  Any  test  device 
that  did  not  respond  within  the  2ysec  time  period  caused  the  MD-104  test  system 
to  respond  with  an  error.  A number  of  line  drivers  were  employed  in  the  test 
setup  to  insure  the  maximum  cycle  rate  by  driving  the  20-foot  transmission 
lines  between  the  test  device  and  the  interface  board.  For  the  dose-rate  tests, 
a remote  trigger  circuit  was  provided  to  synchronize  the  flash  x-ray  burst  with 
any  point  within  the  operational  cycle.  Data  responses,  Pass/Fail  information 
and  Access  Times  were  recorded  by  high  speed  dual -beam  scopes. 


TEST  PROCEDURES 
PHASE- I , FLASH  X-RAY  TESTS 

The  first  phase  of  the  radiation  testing  was  the  dose-rate  tests.  These 
tests  were  classified  as  "Dynamic  Tests"  because  the  results  were  concerned 
with  the  device  behavior  before,  during,  and  immediately  affer  the  radiation 


The  first  series  of  transient  tests  was  the  Operational  Disturb  Tests. 


The  main  objective  of  these  tests  was  to  determine  the  minimum  dose-rate  levels 
which  would  produce  an  error  in  the  device  response.  This  test  was  divided 
into  two  groups:  (a)  the  Read  Disturb  Tests,  and  (b)  the  Write  Disturb  Tests. 
The  dose-rates  of  interest  for  these  two  groups  ranged  from  107  Rad(Si)/sec 
to  1010  Rad(Si)/sec. 

(a)  The  Read  Disturb  Tests:  The  Read  Disturb  was  performed  first  because 
the  memory  device  was  thought  to  be  more  sensitive  to  transient  upsets  when 
it  was  operating  in  the  Read  Mode.  In  this  test,  the  radiation  burst  was 
applied  in  the  Read  Cycle  with  the  objective  of  producing  errors  in  the 
recorded  memory  responses.  The  exact  test  point  is  illustrated  in  Figure  (3). 
This  test  burst  point  was  chosen  because  it  was  given  the  greatest  probability 
of  upsetting  the  Read  Cycle  at  the  lowest  possible  dose-rate.  It  was  applied 
at  the  beginning  of  a data  output  response  for  some  arbitrarily  chosen  word. 

The  objective  was  to  determine  the  lowest  dose-rate  level  which  would  prevent 
or  delay  the  memory  from  being  read  in  the  required  Access  Time. 

(b)  The  Write  Disturb  Test:  The  second  group  under  the  Disturb  Phase  was 
the  Write  Disturb  Test.  The  objective  of  this  test  was  to  determine  the  dis- 
turb mechanism  of  a radiation  burst  which  occurs  in  the  Write  Cycle.  The 
radiation  test  points  chosen  are  shown  in  Figure  (4).  All  three  burst  points 
were  chosen  with  the  objective  of  preventing  data  from  being  written  into  the 
memory.  TP2  was  considered  to  be  the  most  damaging,  for  a successful  jam  of 
the  Chip  Access  gate  in  this  mode  would  prevent  an  entire  block  of  four  data 
words  from  being  clocked  into  the  memory.  Successful  jams  at  TP3  or  TP4 


READ  MODE 


Chip  Access  (CA) 

Data  Out  (D00-D03) 

Figure  3.  Flash  X-ray  Test  Point  in  Relation  to  the  Chip  Access  (CA)  Gate 
and  the  Data  Output  Pulses  of  the  Read  Mode. 

BLOCK  WRITE  MODE 

Address  (Ag) 

Address  (A-|) 

Chip  Access  (CA) 

Data  Input  (Dll  - DI2) 

Figure  4.  Flash  X-ray  Radiation  Test  Points  in  Relation  to  a Block  Write 
Mode.  Note  that  this  Mode  allows  for  the  Sequential  Clocking  of  four  Data 
Words  into  the  Memory  with  only  one  Write  pulse. 
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would  only  prevent  one  data  word  from  being  written.  Several  Write  Blocks 
(of  the  sixteen  available)  were  arbitrarily  chosen  for  the  tests.  From  the 
recorded  data,  two  items  were  determined:  (1)  the  minimum  dose-rate  levels 
which  would  prevent  the  chosen  Write  Blocks  from  functioning,  and  (2)  the  effects 
on  the  other  Write  periods  which  occur  in  the  same  Write  Cycle. 

(2)  Survival  and  (3)  Recovery  Tests 

The  last  part  of  the  dose-rate  tests  was  the  Survival  and  Recovery 
measurements.  The  primary  objectives  in  these  tests  were  to  : (1)  determine 
the  maximum  dose-rate  levels  the  devices  could  withstand  and  still  operate 
after  the  burst,  and  (2)  determine  the  recovery  time.  The  dose-rate  levels 
for  these  tests  ranged  from  2 x 1 07  Rad(Si )/sec  to  levels  greater  than 
1 x 1012  Rad(Si)/sec.  For  the  survival  tests,  above  2.1  x 1010  Rad(Si)/sec, 
only  the  "Pause"  or  "Wait"  period  was  subjected  to  radiation.  This  was 
because  of  the  limited  amount  of  devices  and  the  probability  that  the  survival 
level  would  be  higher  for  the  Pause  period. 

The  final  step  of  the  dose-rate  tests  was  to  measure  the  Recovery  times. 

This  measurement  was  made  throughout  the  entire  Operational  Disturb  evaluation, 
and  was  obtained  mainly  during  the  Read  Cycles  of  the  devices.  From  the  data, 
Recoverery  Time  versus  Dose-Rate  was  obtained. 

PHASE- 1 1 , Co-60  TESTS 

The  second  major  phase  of  the  radiation  testing  was  the  total  dose  tests. 
This  series  was  composed  of  three  types  of  tests,  each  type  representing  an 
operational  condition  of  the  device.  These  were: 
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(1)  the  Clear/Write/Read  Cycle  test 

(2)  the  Read  Only  Cycle  test,  and 

(3)  the  Pause  test. 

The  first  two  tests  were  classified  as  Dynamic  and  the  last  test  was 
Static.  The  Dynamic  tests  were  concerned  with  the  device  behavior 
before,  during  and  immediately  after  the  radiation.  The  Static  tests  were 
concerned  with  device  behavior  directly  before  and  after  a specified  level 
of  exposure. 

The  Clear/Write/Read  Cycle  Test 

In  this  test,  the  memory  device  was  continuously  cycled  through  all  of 
its  operational  modes  (at  the  maximum  rate)  while  being  irradiated.  In  the 
meantime,  the  data  output  from  the  memory  device  along  with  the  Read  Access 
Time  was  continuously  monitored.  The  changes  in  Access  Time  were  recorded 
during  the  test.  The  test  was  continued  until  the  data  output  signals  no 
longer  showed  the  correct  test  patterns.  From  the  results,  the  total  dose 
that  the  test  device  could  withstand  while  operating  under  a maximum  stress 
condition  was  known.  Also,  the  Read  Access  Time  as  a function  of  total  dose 
was  plotted.  Note  that  this  test  (of  the  three  presented)  was  considered  to 
be  the  "Worst-Case." 

The  Read  Only  Cycle  Test 

This  test  was  also  classified  as  a dynamic  test  and  is  similar  to  Test  #1 . 
The  only  difference  is  that  the  memory  device  was  being  continuously  read 
while  being  irradiated.  The  same  parameters  were  recorded  and  plotted. 


The  stress  conditions  while  under  radiation  for  this  test  were  less  severe 
than  the  conditions  in  Test  Setup  #1.  As  a result,  the  total  dose  absorbed 
before  a Read  error  occurs  should  be  greater  than  in  Test  #1. 

The  Pause  Only  Test 

This  was  the  Static  test.  The  test  device  was  only  subjected  to  radia- 
tion during  the  Pause  or  Wait  period  of  operation.  No  Clear,  Write,  or  Read 
pulse  was  applied  during  irradiation.  However,  all  other  D.C.  voltages  were 
present.  Again,  as  in  the  previous  two  tests,  the  total  absorbed  dose  for 
Read  errors  was  recorded  and  the  Read  Access  Time  as  a function  of  total  dose 
was  plotted.  The  total  dose  failure  level  from  this  test  should  correlate 
approximately  with  the  Pause  Mode  Survival  Test  performed  in  the  dose-rate 
tests. 


TEST  RESULTS 
PHASE- I,  FLASH  X-RAY 


(1 ) Operational  Disturb  Tests 

All  of  the  Operational  Disturb  Tests  were  performed  in  a Febetron  705 
2 MeV  Flash  X-ray  environment  (X-ray  Mode),  using  a 20  nsec,  radiation  pulse. 
The  results  are  given  below: 

(a)  Read  Disturb  Upsets:  Transient  radiation  upsets  were  recorded  in 
the  test  device's  Read  Mode  at  dose-rate  levels  as  low  as:  2.0  x 107  Rad 
(Si )/sec.  The  lowest  levels  of  upset  occurred  when  the  radiation  burst  was 
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applied  at  the  beginning  of  a Logic  "1"  Data  Output  response.  For  Data  Out- 
put responses  of  Logic  "0",  a dose-rate  level  of  approximately  1 x 108  Rad 
(Si)/sec  was  needed  for  an  upset.  To  illustrate  these  types  of  upsets,  the 
results  of  two  Read  Disturb  dose-rate  tests  are  presented  below  in  Figures  5 
through  7. 

Word  Number 


25  26  27  28  29  30  31  32  33  34  35 


D02  Output 


Time  (5  ps/div) 


MD-104  Response 


Figure  5.  Pre-radiation  Data  taken  on  Test  Device  NCM  7040  EAROM  No.  7 (Lot 
No.  7604-1113440).  Top  Trace:  "Checkerboard"  Output  Response  via  Data  Output 
Line  D02  for  Words  No.  25  through  35.  Bottom  Trace:  Macrodata  Response  to 
the  above  D02  Output  Line. 

Figure  (5)  above,  illustrates  the  test  method  used  to  record  and  evaluate 
the  dose-rate  responses  in  the  Operational  Disturb  Tests.  The  top  trace  shows 
a section  of  the  memory  readout  (a  checkerboard  pattern)  via  one  of  the  Data 
Output  Lines.  The  bottom  trace  shows  the  simultaneous  Macrodata  response  to 
the  above  data  out.  Both  responses  are  correct  for  the  stored  pattern.  In  a 
like  manner,  three  other  dual-beam  scopes  are  used  for  the  other  data  lines. 
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Figure  (6)  shows  the  lowest  dose-rate  level  where  both  of  the  two  logic 
outputs  were  upset.  Figure  6A  shows  an  upset  for  the  "0"  logic  output  and 
Figure  6B  shows  an  upset  for  the  logic  "1"  output.  Data  output  results  via 
lines  number  Dg3  and  Dq4  are  not  shown.  This  was  because  their  results  were 
the  same  as  Dgl  and  Dq2  respectively. 

The  results  in  Figure  6A  showed  that  the  radiation  burst  actually  delayed 
the  logic  "0"  output  pulse  long  enough  to  exceed  the  Chip  Access  Read  Time. 

The  result  was  an  output  voltage  transition  (for  Word  No.  27)  that  never  went 
low  enough  to  trigger  the  TTL  "0"  logic  level  of  the  Macrodata  test  system. 

The  outcome  was  a false  data  response  and  a recorded  error. 

In  Figure  6B,  the  end  results  were  the  same,  but  more  pronounced.  When 
the  burst  hit  the  start  of  the  logic  "1"  output,  the  resulting  response 
never  (during  the  entire  Read  Cycle)  reached  the  required  level  to  correctly 
activate  the  test  system's  logic  "1"  level.  As  a result,  an  error  was  again 
recorded. 

Figure  (7)  presents  the  same  type  of  information  as  shown  in  Figure  (6), 
with  one  exception.  The  applied  radiation  burst  was  set  at  the  highest  level 
available  in  the  X-ray  Mode.  The  results  were  predictable.  Upset  errors  were 
recorded  in  more  than  one  Read  cvcle.  Figure  7A  shows  that  two  Read  cycles 
were  affected.  These  were  the  word  being  read  during  the  burst  and  the  word 
being  read  immediately  after  the  burst.  Figure  7B  shows  the  worst  case,  that 
is,  when  the  radiation  burst  hits  at  the  start  of  a logic  "1"  output.  For 
this  situation,  three  Read  cycles  were  affected,  the  one  during  the  burst,  and 
the  following  two  words.  The  result  was  an  error  period  or  Recovery  Time  of 
approximately  15  ps. 


These  error  periods  or  Recovery  Times  recorded  in  the  above  Read  Disturb 
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MD-104  Response 
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Figure  6.  Transient  Radiation  Response  for  Read  Disturb  Test  taken  at  the  Dose- 
Rate  level  of  1.0  x 10®  Rad(Si)/sec.  Test  Device:  NCM  7040  EAR0M  No.  7 (Lot  No. 
7604-1113440).  Responses:  Checkerboard  Readout  for  memory  words  No.  25  to  35 
via  Data  Lines  D01  and  D02.  Total  Dose  delivered  during  burst  = 2.0  Rad(Si). 
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Figure  7.  Transient  Radiation  Response  for  Read  Disturb  Test  taken  at  the  Dose- 
Rate  level  of  2.1  x 1010  Rad(Si)/sec.  Test  Device:  NCM  7040  EAROM  No.  3 (Lot  No 
7604-1111440).  Responses:  Checkerboard  Readout  for  Memory  Words  No.  5 to  15  via 
Data  Lines  D03  and  D04.  Total  Dose  delivered  during  the  burst  = 420  Rad(Si). 


evaluation  were  determined  to  be  dose-rate  related.  A summary  of  these 
recovery  periods  is  presented  under  (3)  Recovery  Time  Tests. 

Other  information  obtained  from  this  portion  of  the  evaluation  was:  (1) 
no  datawerelost  in  the  actual  MNOS  memory  of  the  test  device  as  a result  of 
the  above  transient  radiation  pulses,  (2)  all  of  the  upsets  were  attributed 
to  effects  within  the  peripheral  circuitry,  and  (3)  no  permanent  changes  in 
the  electrical  characteristics  of  the  device  were  noted  during  this  test 
phase. 

(b)  Write  Disturb  Upsets:  Transient  radiation  upsets  were  recorded  in  the 
Write  Mode  that  prevented  particular  memory  words  from  being  written  in  the 
test  device  at  dose-rate  levels  as  low  as  2.5  x 107  Rad(Si)/sec  (See  Figure  8). 
Transient  upsets  were  also  recorded  that  prevented  chosen  blocks  of  words  from 
being  written  at  dose-rate  levels  as  low  as  4.0  x 107  Rad(Si)/sec  (See  Figure  9). 
An  unexpected  result  in  this  phase  of  testing  was  that  upsets  were  also  recorded 
in  other  Words  or  Blocks  of  Words  that  were  not  being  written  during  the  burst 
time. 

As  an  example,  in  Figure  (8)  the  radiation  burst  was  applied  at  the  start 
of  the  clocking  sequence  for  the  second  word  of  the  eighth  Block  Write  Cycle. 

The  objective  was  to  prevent  Word  No.  30  from  being  written  into  the  memory. 
Results  showed  that  the  attempted  upset  was  successful;  but  they  also  showed 
that  Word  No.  14  of  Block  (4)  was  also  jammed.  The  same  results  were  recorded 
in  Figure  (9).  Here  the  radiation  burst  was  applied  in  Write  Block  No.  (8)  at 
the  start  of  the  Chip  Access  Gate.  The  objective  was  to  jam  the  writing  of  the 
entire  Block  No.  (8).  The  results  showed  that  two  blocks  were  affected.  These 
were  Block  Nos.  (4)  and  (8).  Repeating  the  test  with  Write  Block  (4)  being  hit 
by  radiation  produced  the  same  results.  Blocks  (4)  and  (8)  were  again  jamned. 


P 


Voltage  (Volts) 
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i. 


Block  (8)  Write  Mode 
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TP3  " 


2.5  x 107  Rad(Si)/sec 


Address  (Aq) 

Address  (Aj) 

Chip  Access  (CA) 

Data  Input  (DI1-DI2) 


Block  (8) 


Figure  a.  Transient  Radiation  Results  for  the  Write  Disturb  Test  taken  at  the 
Dose-Rate  level  of  2.5  x 107  Rad(Si)/sec.  Test  Device:  NCM  7040  No.  5 (Lot  No. 
7604-1113440).  Lower  Response:  Checkerboard  Readout  for  Memory  Words  No.  10 
to  34  via  Data  Output  Line  Dpi.  Total  Dose  delivered  during  the  Burst  =0.5  Rad(SI). 
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Figure  9.  Transient  Radiation  Results  for  the  Write  Disturb  Test  taken  at  the 
Dose-Rate  level  of  4 x 107  Rad(Si)/sec.  Test  Device:  NCM  7040  No.  6 (Lot  No. 
7604-1113440).  Lower  Responses:  Checkerboard  Readout  for  Memory  Words  No.  11 
to  35  via  Data  Output  Line  Dq4.  Total  Dose  delivered  during  the  Burst  = 0.8  Rad(Si). 
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After  further  testing  with  other  Write  Blocks,  it  was  concluded  that  the 
radiation  upsets  would  always  occur  in  two  blocks.  These  were  the  particular 
block  being  written  during  the  burst  and  an  associated  block  (no  matter 
when  it  was  written).  These  related  blocks  are: 

(1)  and  (5)  (9)  and  (13) 


(2)  and  (6)  (10)  and  (14) 

(3)  and  (7)  (11)  and  (15) 

■ 

! 

(4)  and  (8)  (12)  and  (16) 

Although  no  data  are  presented,  Write  Disturbs  were  also  recorded  when  the 

; 

radiation  burst  was  applied  at  TP4  (Ref.  Figure  4).  As  a result,  it  was 
determined  that  a Write  Disturb  could  be  obtained  on  the  NCM  7040  for  any 
transient  radiation  pulse  (of  significant  magnitude)  being  applied  in  a Block 
Write  time  frame  between  TP2  and  TP4. 

Other  information  worth  noting  from  this  test  phase  was  that  no  permanent 
changes  in  any  of  the  electrical  characteristics  or  parameters  were  recorded. 
Also,  no  Clear  Disturb  Tests  were  performed  on  the  test  devices  because  of 


the  long  Block  Clear  Time  (approximately  1 second). 


(2)  Survival  Tests 

With  the  exception  of  one  test  performed  in  the  X-ray  Mode,  all  of  the 
Survival  Tests  were  performed  in  the  Flash  X-ray  (E-beam)  environment  using 

| 

a 50  nsec  radiation  burst. 

The  main  results  from  these  tests  showed  that  the  NCM  7040,  while  operat- 
ing in  the  Pause  Period,  can  survive  and  operate  properly  after  absorbing  a 
transient  radiation  burst  as  high  as  7 x 10^  Rad(Si)/sec.  Note  that  survival 
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means  that  the  device  can  be  cleared,  written,  and  read  properly  after  a 
period  of  recovery,  with  no  chanqes  in  the  electrical  characteristics.  The 
minimum  period  of  recovery  needed  for  the  NCM  7040  at  the  hiohest  dose-rates 
was  found  to  be  from  20  to  25  usee.  A few  samples  of  tests  performed  under 
this  phase  are  presented  below  in  Figures  10  through  13. 

Figures  10  and  11  show  the  responses  of  two  devices  that  actually  sur- 
vived. The  first  figure  shows  the  response  at  the  high  test  level  in  the 
X-ray  mode  (2.1  x 1 01 ^Rad(Si )/sec).  The  second  figure  shows  the  response 
recorded  at  the  highest  survival  level  in  the  E-beam  (7.3  x 10^Rad(Fi )/sec) . 
Above  this  level,  no  device  completely  recovered. 

Analyzing  the  above  responses  shows  that  shortly  after  the  radiation  burst, 
a sudden  positive  voltage  charge  appears  on  the  data  output  lines.  This  Dositive 
charge  remains  on  the  lines  for  periods  ranqinq  up  to  a millisecond  (See  Figure 
13),  or  until  the  Read  Mode  is  activated.  Because  of  the  P^OS  and  MN0S  con- 
struction of  the  test  devices,  this  charging  phenomena  was  attributed  to  "Photo- 
currents," "Space-charge  Buildup,"  "Secondary  Electron  CaDture,"  and  "Photo- 
voltaic Effects."  This  particular  voltage  build-up  does  not  appear  to  adversely 
affect  the  operation  of  the  device,  for  as  soon  as  the  Read  gating  seauence  is 
started,  the  voltage  build-up  is  quickly  discharged. 

Figure  12  presents  the  response  of  one  of  the  test  devices  that  suffered 
some  permanent  damage  in  parts  of  the  peripheral  circuitry.  Total  failure  was 
not  the  case  however,  because  after  approximately  80  usee,  the  device  showed 
partial  signs  of  recovery.  The  recovery  was  good  enough  to  detect  the  proper 
data  stored  in  the  memory.  It  was  not  good  enouqh,  however,  to  transmit  this 
data  at  the  correct  voltage  levels  to  the  external  test  systems. 
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Figure  10.  Transient  Radiation  Results  for  a Survival  Test  taken  at  the  Dose- 
Rate  level  of  2.1  x 1010  Rad(Si)/sec  (X-ray  Mode).  Test  Device:  NCM  7040  No.  3 
(Lot  No.  7604-1111440).  Trace:  Trailing  edge  of  Pause  Period  followed  by  a 
Checkerboard  Memory  Readout. 
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Figure  11.  Transient  Radiation  Results  for  a Survival  Test  taken  at  the  Dose- 
Rate  level  of  7.3  x 1011  Rad(Si)/sec  (E-beam  Mode).  Test  Device:  NCM  7040  No.  4 
(Lot  No.  7604-1113440).  Trace:  Trailing  edge  of  Pause  Period  followed  by  a 
Checkerboard  Memory  Readout. 
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Figure  12.  Transient  Radiation  Results  for  a Survival  Test  taken  at  the  Dose- 
Rate  level  of  2.5  x 1012  Rad(Si)/sec  (E-beam  Mode).  Test  Device:  NCM  7040 
No.  1 (Lot  No.  7604-1113440).  Response:  Trailing  edge  of  Pause  Period  followed 
by  a checkerboard  memory  readout. 


Figure  13.  Transient  Radiation  Results  for  a complete  Recovery  Time  test  taken 
at  the  Dose-Rate  level  of  1 x 1012  Rad(Si)/sec  (E-beam  Mode).  Test  Device: 

NCM  7040  No.  6 (Lot  No.  7604-1113440).  Trace:  Trailing  edge  of  discharge  curve 
resulting  from  a high  dose-rate  radiation  pulse. 
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(3)  Recovery  Time  Tests 

In  this  evaluation,  the  recovery  time  is  the  minimum  period  needed  by 
the  test  device  to  recoup  from  a radiation  burst  and  resume  a normal  opera- 
tional cycle.  For  the  dose-rate  levels  tested,  the  NCM  7040  requires 
recovery  times  ranging  from  0.2ys  to  approximately  25  ys.  The  table  of 
Recovery  Times  for  the  different  Dose-Rate  levels  is  presented  below: 

Dose-Rate  Level  Recovery  Time  Read  Cycles  Affected 
(Rad(Si )/sec) 


2 x 107 

- 0.2yS 

1 

1 x 108 

- 5yS 

1 

1 x 109 

= lOyS 

2 

1 x 1010 

- 1 5yS 

3 

1 x 1011 

“ 20yS 

4 

7 x 1011 

- 25yS 

5 

The  above  Recovery  Times 

were  obtained  when 

the  device  was  operat- 

ing  in  the  Read  Mode  and  the 

logic  "1"  output  from  one  of 

radiation  burst  was  applied  at  the  start  of  a 

the  data  lines. 

TEST  RESULTS 

PHASE-II , Co-60 

Three  of  the  ten  NCM  7040  test  devices  were  subjected  to  total  dose  tests 
performed  in  Co-60  environment  located  at  Sandia  Laboratories,  New  Mexico. 
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All  three  devices  were  from  the  same  Lot  (No.  7604-1111440)  and  had  similar 
Read  Access  Times  (approx.  lps).  Each  device  was  irradiated  while  operating 
under  one  of  the  three  test  conditions  presented  in  the  Co-60  Test  Procedures. 
The  dose-rate  applied  during  these  tests  was  28  Rad(Si)/sec.  The  results  are 
presented  below: 

The  Clear/Write/Read  Cycle  Test:  Following  the  steps  outlined  in  the 
Test  procedures,  the  first  device  was  irradiated  while  operating  continously 
in  all  of  its  operational  modes.  Total  failure  occurred  in  the  device 
after  absorbing  approximately  1.7  x 104  Rad(Si).  Total  failure  is  the  point 
where  the  data  output  signals  are  no  longer  presenting  the  correct  test 
patterns.  Also,  the  Read  Access  Time  increased  from  1 psec  to  approximately 

2.4  psec  as  a result  of  the  radiation. 

The  Read  Only  Cycle  Test:  This  test  was  similar  to  the  one  above,  except 
the  memory  device  was  continuously  Read  during  irradiation.  The  devices  failed 
at  approximately  the  same  total  dose  level.  This  was  1.75  x 104  Rad(SI). 

Again,  the  Read  Access  Time  showed  about  the  same  rate  of  increase,  from 

1.05  psec  to  2.25  psec. 

The  Pause  Only  Test:  In  this  test,  the  device  was  only  subjected  to 
radiation  during  the  Pause  period.  No  Clear,  Write,  or  Read  pulses  were 
applied  during  irradiation.  Operational  failure  did  not  occur  until  the 
device  absorbed  approximately  3.8  x 104Rad(Si).  This  dose  level  was  twice 
as  great  as  the  failure  levels  of  the  two  preceding  tests.  The  Read  Access 
Time  also  showed  an  increase  (at  a slower  rate),  ranging  from  a preirradia- 
tion value  of  1.07  psec  to  a postirradiation  value  of  2.48  psec. 

Plots  of  the  Read  Access  Time  as  a function  of  total  absorbed  dose  are 
Presented  in  Figure  (14).  Below  1 x 104  Rad(Si),  the  rates  of  increase  for 
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Figure  14.  Co-60  Data.  NCM  7040  Read  Access  Time  versus  Total  Gamma  Dose. 
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all  three  access  times  were  low  and  approximately  equal.  However,  above 
this  dose  level,  the  rates  of  increase  showed  a marked  acceleration,  espe- 
cially for  the  Clear/Write/Read  and  the  Read  Only  tests.  The  rate  of  increase 
for  the  Pause  Only  test  was  significantly  less.  This  was  predictable 
because  of  the  known  phenomenon  that  states  that  the  rate  of  deterioration 
of  MOS  devices  in  a radiation  enviroment  is  voltage  dependent.  In  the 
Pause  Only  Test,  there  were  no  applied  Gate  signals  (other  than  the  supply 
voltage).  Therefore,  the  deterioration  of  the  test  device  would  take 
longer. 

Again,  the  Pause  Only  results  presented  in  Figure  (14)  show  a correla- 
tion with  the  Pause  Mode  Survival  Test  performed  in  the  dose-rate  tests. 

For  example,  the  dose-rate  survival  test  showed  that  the  NCM  7040,  while 
operating  with  a set  2 psec  Read  Access  Time,  would  survive  a 3.5  x 104 
Rad(Si)  dose  of  radiation  delivered  in  50  nsec.  The  Pause  Only  plot  in 
Figure  (14)  predicts  approximately  the  same  results.  That  is,  3.0  x 104 
Rad(Si)  was  needed  to  exceed  the  2 psec  access  window.  If  more  devices 
were  tested,  the  correlation  would  be  closer. 
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CONCLUSIONS 

Survivability  Level.  The  dose-rate  results  have  shown  that  the  NCM  7040 
EAROM  array  can  survive  a 50  nsec  radiation  burst  of  35  KRad(Si),  in  an  E-beam 
environment,  with  no  loss  of  memory  data  or  device  operation. 

Disturb  Level  (Read  Mode).  A disturb  mechanism  can  be  temporarily 
induced  in  the  Read  Mode  of  the  NCM  7040  array  if  the  radiation  burst  is 
applied  at  the  exact  start  of  the  Data  Output  pulses.  The  dose-rate  levels 
needed  to  generate  this  interruption  are  2 x 107  Rad(Si)/sec  and  higher. 

Disturb  Level  (Write  Mode).  Disturb  mechanisms  can  also  be  temporarily 
induced  in  the  Write  Mode  of  the  devices  if  the  radiation  burst  is  applied  at 
the  start  of  a Write  Setup  Time.  The  dose-rate  levels  needed  to  generate 
these  interruptions  are  2.5  x 107  Rad(Si)/sec  and  higher. 

Accumulating  Dose  Effects.  The  Co-60  total  dose  tests  have  shown  that 
the  memory  devices  can  accumulate  a total  dose  of  gamma  radiation  in  excess  of 
1.5  x 104  Rad(Si)  while  operating  under  the  maximum  stress  conditions.  Maximum 
stress  conditions  are  when  the  test  device  is  cycling  through  its  Operational 
Modes  at  the  maximum  rate. 
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COMMENTS 


It  should  be  noted  that  the  Nitron  NCM  7040  EAROM  array  is  a commercial 
device  and  was  not  designed  to  be  radiation  hardened.  Thus,  the  low  radia- 
tion susceptibility  levels  measured  in  this  report  were  comparable  to  other 
commercial  PMOS  devices  tested  at  AFWL.  The  one  real  surprise  in  this 
evaluation  was  the  discovery  that  two  Write  Blocks  (written  at  different 
times),  could  be  interrupted  simultaneously  by  one  radiation  burst.  The 
significance  of  this  occurrence  is  that  a block  of  words  written  into  the 
MNOS  memory  before  or  even  after  a radiation  burst  can  be  affected.  If  this 
phenomenon  turns  out  to  be  universal  in  other  memory  arrays  (especially 
those  that  are  radiation  hard),  the  results  could  be  serious.  From  this 
experimenter's  point  of  view,  the  problem  is  not  in  the  MNOS  memory  itself, 
but  in  the  circuit  design  and  layout  of  the  Write  circuitry.  It  appears 
that  there  is  a cross  over  effect  being  generated  between  one  Write  Block 
and  another.  The  solution  (if  this  is  considered  a problem),  is  to  design 
a Write  circuit  that  electrically  and  physically  isolates  each  Write  Block 
from  all  the  others. 


IONIZING  DOSE  RATE  AND  TOTAL  DOSE  TESTS  ON  THE 


GENERAL  INSTRUMENT  NONVOLATILE  4096-BIT 
MNOS  EAROM  ARRAY  NO.  (ER  3400) 

1 

ABSTRACT 

Ionizing  dose- rate  and  total  dose  tests  have  been  performed  on  the 
General  Instrument  4096-bit  MNOS  (ER  3400)  EAROM  array.  Results  from 
these  tests  have  shown  that  the  devices  can  survive  dose-rate  levels  as 
high  as  9.0  x 10n  Rad(Si)/sec  (in  a 2 MeV  E-beam  environment)  with  no 
loss  of  memory  data  or  degradation  in  device  operation.  However,  under 
certain  test  conditions,  the  "Read"  and  "Write"  modes  of  the  arrays  can 
be  temporarily  interrupted.  In  the  Read  mode,  this  interruption  can  be 
induced  at  dose-rate  levels  of  1.1  x 108  Rad(Si)/sec  and  higher  if  the 
radiation  burst  is  applied  approximately  200  nanoseconds  before 
the  start  of  the  "Data  Output"  signals.  In  the  Write  mode,  disturb  mech- 
anisms  can  be  generated  at  dose-rate  levels  of  3.1  x 108  Rad(Si)/sec  if 
the  burst  is  applied  at  the  start  of  a "Write  Enable"  signal.  Also,  the 
total  dose  tests  have  shown  that  the  memory  arrays  (while  cycling  through 
the  operational  Read  mode  at  the  maximum  rate)  can  accumulate  a total  dose 
of  gamma  radiation  in  excess  of  15  kRad(Si)  and  survive.  Under  optimum 
conditions  (with  no  power  applied  during  irradiation)  the  memory  devices 
survived  total  dose  levels  ranging  up  to  4.0  x 104  to  6.0  x 104  Rad(Si). 


INTRODUCTION 


This  evaluation  covers  the  ionizing  dose-rate  and  total  dose  radiation 
tests  performed  on  the  General  Instrument  4096-bit,  bulk  silicon,  MNOS  EAROM 
array  labeled  ER  3400.  The  dose-rate  tests  were  performed  at  the  Air  Force 
Weapons  Laboratory's  Transient  Radiation  Facility  using  a Febetron  705  Flash 
X-ray  machine.  The  total  dose  tests  were  performed  at  the  AFWL  low  dose- 
rate  Co-60  source.  The  overall  objective  of  these  tests  was  to  obtain  rad- 
iation data  on  a second  commercial  PMOS  MNOS  array  which  could  be  incorpor- 
ated with  other  baseline  information  to  measure  the  relative  success  of 
special  radiation  hardened  MNOS  prototype  memory  devices  now  under  develop- 
ment at  the  Weapons  Laboratory. 

THE  GENERAL  INSTRUMENT  ER  3400 

I 

The  ER  3400  was  chosen  for  this  evaluation  because  it  was  the  newest 
and  fastest  fully  decoded  MNOS  memory  array  that  was  commercially  available 
in  1977.  A photograph  and  simplified  block  diagram  of  the  device  is  shown 
in  Figure  1.  The  memory  is  a 1024  by  4-bit  word,  electrically  alterable, 
non-volatile,  static  read-mostly  memory  (EAROM).  The  device  employs  PMOS/ 

MNOS  on  bulk  technology.  It  was  packaged  in  a standard  22  pin  DIP  and  de- 
signed to  interface  with  bipolar  TTL  with  Resistor  Pull-ups.  Some  of  the 
electrical  specifications  are: 

Retention:  10  Year  Unpowered  Data  Storage 
Endurance:  105  Erase-Write  Cycles  per  Word 
2 x 1011  Read  Cycles  per  Word 


112 


Address 


Decoder 


Control  Logic 


1024  x 4 
MNOS  Array 


Mode  Control  Cg  & C]  selects 
the  desired  Operation  Mode. 

Chip  Enable  CE,  enables 
the  device  in  each  mode.  Dq 

Write  Enable  WE  allows 
data  to  be  stored  in  the  D1 

memory  during  the  Write 
Mode.  D2 

10-Bit  Word  Address  Ag-  D 
Aq,  select  one  of  the  3 

1024  Memory  Addresses. 

Dg  to  D3  are  the  Data 
Input  and  Data  Output 


Data 


Control 


Output 

Buffer 


Clock 

Buffer 


Pins. 


Aq  a1  a3  a9 
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Figure  1.  Photograph  and  Simplified  Block  Diagram  of  the  General  Instrument 
ER3400,  4096-bit,  MNOS  EAROM  Array. 


Speed:  900  nSec  Read  Access  Time  or  Less 
1.8  uSec  Read  Cycle  Time  or  Less 
10  mSec  Word  or  Block  Erase  Time 
1 mSec  Write  Time 

Basically,  the  ER  3400  is  designed  for  applications  where  data  must  be 
stored  for  indefinite  periods  of  time  without  applied  power.  A few  of  the 
more  prominent  design  features  are:  (1)  a single  Word  or  Block  electrical 
erase,  (2)  tri-level  Data  Outputs,  and  (3)  common  Input/Output  Data  Lines. 

RADIATION  TEST  OBJECTIVES 

Dose-Rate:  The  objective  of  the  dose-rate  tests  was  to  determine  (1) 
the  dose-rate  levels  needed  to  upset  or  jam  the  operational  modes  of  the 
device,  (2)  the  maximum  dose-rate  levels  the  memory  can  withstand  and  still 
operate  after  the  burst,  and  (3)  the  time  needed  to  recover  from  a particular 
radiation  burst. 

Total  Dose:  In  the  total  dose  tests,  the  objective  was  to  determine  the 
permanent  or  temporary  changes  in  the  memory's  characteristics  (under  dif- 
ferent operating  conditions)  as  a result  of  a given  amount  of  ionizing  radi- 
ation. 

TEST  SETUP 

In  order  to  achieve  the  above  objectives  (especially  in  the  dose-rate 


tests),  the  test  setup  had  to  have  the  following  capabilities:  (1)  the 
ability  to  place  the  radiation  burst  at  any  point  in  the  desired  test  cycle, 
(2)  the  ability  to  exercise  the  memory  array  at  its  maximum  cycle  rate  with 


the  test  device  in  the  test  cell,  (3)  the  ability  to  record  the  memory 
response  before,  during  and  immediately  after  the  radiation  burst,  and  (4) 
the  ability  to  make  a decision  on  the  effectiveness  of  the  radiation. 

The  radiation  test  setup  that  was  designed  to  meet  these  requirements 
is  illustrated  in  Figure  2.  Shown  is  the  4096-bit  memory  test  device  being 
electrically  exercised  in  the  radiation  test  cell  by  a Macrodata  LSI  tester 
through  an  "Interface  Board".  The  Macrodata  provided  the  control  functions 
(Clear,  Write,  and  Read),  the  address  generations,  the  data  patterns  to  the 
Interface  Board,  and  the  responses  to  the  data  returning  from  the  board. 

The  Interface  Board  provided  the  adjustable  controls  over  the  timing  and 
pulse  widths  of  the  memory  gating  signals.  Some  of  the  major  timing  param- 
eters provided  by  the  setup  for  this  evaluation  were: 

(1)  Read  Cycle  Time  Setting  * 3 ySec 

(2)  Write  Time  Setting  * 2 mSec 

(3)  Block  Erase  Time  Setting  = 11  mSec,  and 

(4)  Data  Strobe  Time  Setting  = 400  nSec  to  1 ySec 

The  above  timing  gates  were  set  to  accommodate  the  longest  transmission 
lines  and  the  slowest  of  the  test  devices.  Note,  that  the  Data  Strobe  setting 
was  used  to  determine  the  memory  Read  Access  Time. 

In  addition  to  the  interface  board,  the  setup  includes  a multipex  circuit, 
line  drivers,  a remote  trigger  circuit,  and  high  speed  dual-beam  scopes.  The 
multiplex  circuit  (controlled  by  the  MD-104)  is  used  to  "time-share"  the  com- 
mon Input/Output  Data  Lines,  thereby  allowing  Clear,  Write  and  Read  data  to 
be  transmitted  over  the  same  lines.  Line  Drivers  were  used  to  drive  the  long 
transmission  lines  between  the  test  device  and  the  interface  board.  The  re- 
mote trigger  system  was  used  to  synchronize  the  flash  x-ray  burst  to  any 
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INTERFACE  BOARD 


Figure  2.  Radiation  Test  Setup  for  the  General  Inst.  1024  x 4 Bit  Word  MNOS  EAROM  Array  No.  (ER  3400) 
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point  within  the  test  device's  operational  cycle.  Dual-beam  scopes  were  used 
to  record  the  data  responses,  the  access  times,  and  the  pass/fail  infor- 
mation . 


TEST  PROCEDURES  (FLASH  X-RAY) 

The  first  phase  of  the  radiation  testing  was  the  dose-rate  tests.  Under 
these  tests,  the  results  of  the  behavior  of  a test  device  before,  during,  and 
immediately  after  a radiation  burst  were  of  interest.  These  dose-rate  tests 
were  divided  into  two  general  areas.  These  were:  (1)  the  Operational  Dis- 
turb Tests,  and  (2)  the  Survival  and  Recovery  Tests.  In  the  Operational  or 
Transient  Disturb  Tests,  there  was  one  objective.  This  was  to  determine 
the  minimum  dose-rate  levels  needed  to  upset  or  jam  the  Write  and  Read  Modes 
of  the  memory  devices  during  a radiation  burst.  The  dose-rate  of  interest 
for  these  tests  ranged  from  107  Rad(Si)/sec  to  1011  Rad(Si)/sec.  In  the 
Transient  Survival  and  Recovery  Tests  there  were  two  objectives.  These  were 
to  determine  the  maximum  dose-rate  level  the  devices  could  withstand  and 
still  operate  after  the  burst,  and  to  determine  the  length  of  time  needed 
to  recover  from  a particular  burst.  In  these  two  tests,  the  dose-rate  levels 
ranged  from  2 x 1010  Rad(Si)/sec  to  2 x 1012  Rad(Si)/sec. 

The  first  group  of  disturb  tests  was  called  the  Read  Disturb  Tests. 
These  tests  were  performed  first  because  the  memory  devices  were  thought  to 
be  more  sensitive  to  transient  upsets  when  operating  in  the  Read  Mode.  In 
this  test,  the  radiation  burst  was  applied  in  a predetermined  Read  Cycle  with 
the  objective  of  producing  errors  in  the  recorded  memory  responses.  The 
radiation  testing  zone  for  the  chosen  Read  Cycle  is  illustrated  in  Figure  3. 
The  zone  ranged  from  the  start  of  a Chip  Enable  pulse  to  the  middle  of  the 
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READ  MODE 


Address  (AO-A9) 
Chip  Enable  (CE) 
Data  Out  (D0-D3) 


Figure  3.  Flash  X-ray  Radiation  Test  Zone  in  Relation  to  the  READ  Timing 
Gates  of  the  General  Instrument  ER3400. 


Address  (A0-A9) 
Chip  Enable  (CE) 
Write  Enable  (WE) 


Figure  4.  Flash  X-ray  Radiation  Test  Zone  in  Relation  to  the  WRITE  Timing 
Gates  of  the  General  Instrument  ER3400. 
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corresponding  Data  Output  signals.  This  testing  zone  was  chosen  because  it 
was  believed  that  a radiation  burst  hitting  within  this  area  would  have  the 
highest  probability  of  producing  errors  in  the  recorded  Data  Outputs. 


The  second  group  of  tests  under  the  Operational  Disturb  phase  was  the 
Write  Disturb  Tests.  The  test  zone  for  this  phase  is  illustrated  in  Figure 
4.  As  shown,  the  test  zone  extends  over  the  entire  time  period  of  a Chip 
Enable  and  Write  Enable  gate  of  a chosen  Write  Cycle.  Within  this  time 
frame,  the  point  most  sensitive  to  transient  radiation  was  first  determined, 
and  the  minimum  dose-rate  level  which  would  prevent  the  chosen  Write  Cycle 
from  functioning  was  then  measured.  Also  monitored  during  this  test  were 
the  radiation  effects  on  the  other  Write  Cycles  which  occurred  within  this 
same  Write  period.  Note,  that  the  ER  3400  may  have  as  many  as  1024  Write 
Cycles  in  one  Write  Period. 

The  last  phase  of  the  flash  x-ray  tests  was  the  Survival  and  Recovery 
measurements.  In  these  tests,  the  radiation  exposures  were  limited  to  the 
device's  "Pause"  period  of  operation  because  of  a high  probability  of  sur- 
viving in  this  mode. 


TEST  PROCEDURES  (C0-60) 

The  last  phase  of  the  radiation  testing  was  the  total  dose  tests.  This 
series  was  composed  of  four  types  of  tests,  each  type  representing  an  operat- 


All  of  these  four  tests  were  performed  in  the  AFWL  Co-60  source  at  a 
low  dose-rate  of  22  Rad(Si)/sec.  The  first  two  tests  were  classified  as 
Dynamic  and  the  remaining  two  were  classified  Static.  The  Dynamic  tests 
were  concerned  with  the  device  behavior  before,  during,  and  immediately 
after  the  radiation.  The  Static  tests  were  concerned  with  the  behavior 
directly  before  and  after  a specified  level  of  exposure. 

Cl ear/Wri te/Read  Cycle  Test:  In  this  dynamic  test,  the  memory  devices 
were  continuously  cycled  through  all  of  the  operational  modes  (at  the  maximum 
rate)  while  being  irradiated.  At  the  same  time,  the  data  output  from  the 
device  along  with  the  Read  Access  Time  was  continously  monitored  and  recorded. 
The  test  was  continued  until  the  device  failed  or  until  the  Data  Out- 
put was  no  longer  correct.  From  the  results,  the  total  dose  that  the  mem- 
ory device  could  withstand  while  operating  under  this  dynamic  stress  con- 
ition  was  known.  The  rate  of  deterioration  is  then  determined  with  plots 
of  Read  Access  Time  versus  total  dose  irradiation. 

Read  Only  Cycle  Test:  This  test  was  the  same  as  the  above  Clear/Write/ 
Read  Cycle  Test,  with  the  exception  that  the  memory  device  would  now  contin- 
uously Read  during  the  radiation  period.  The  same  parameters  and  outputs 
were  recorded  and  plotted. 

Pause  Only  Test:  This  was  the  first  of  the  two  Static  tests.  The  test 
device  was  only  sub.ipcted  to  radiation  during  the  Pause  or  Wait  period  of 
operation.  No  Clear,  Write,  or  Read  pulses  were  applied  during  irradiation; 
however,  all  other  D.C.  voltages  were  present.  Again  (as  in  the  above  two 
tests)  the  Data  Outputs  and  Read  Access  Times  were  monitored  and  recorded 
until  device  failure. 

The  Passive  Only  Test:  The  test  procedures  and  radiation  conditions 
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for  this  test  were  the  same  as  in  the  above  Pause  Only  test,  with  the  except- 
ion that  the  devices  were  now  in  a completely  passive  condition  during  irradia- 
tion. That  is,  no  voltages  were  applied  during  the  radiation  period. 


TEST  RESULTS 
PHASE  I,  FLASH  X-RAY 

All  of  the  dose-rate  tests  were  performed  with  a Febetron  705  Flash 
X-ray  machine  operating  inan  X-ray  Mode  using  a 20  nsec  pulse  width  and  in  a 
2 MeV  E-beam  (in  a vacuum)  using  a 50  nsec  pulse  width.  The  X-ray  Mode  was 
used  for  dose-rate  tests  below  6 x 1010  Rad(Si)/sec,  and  the  E-beam  Mode 
was  used  for  higher  levels.  A summary  of  the  dose-rate  disturb  levels  for 
the  ER  3400  memory  arrays  is  presented  below. 

Transient  Read  Disturb  ....  1.1  x 108  Rad(Si)/sec 
Transient  Write  Disturb  ...  3.1  x 108  Rad(Si)/sec 
Transient  Bit  Survival  ....  9.0  x 1011  Rad(Si)/sec 

Read  Disturb  Tests:  Transient  radiation  upsets  were  recorded  in  the 
ER  3400  (while  operating  in  the  Read  Mode)  at  dose-rate  levels  as  low  as 
1.1  x 108  Rad(Si)/sec.  The  lowest  level  of  upset  (or  worst  case)  occurred 
when  the  radiation  burst  was  applied  approximately  200  nsec  before  the 
start  of  a Logic  "1”  Data  Output  signal.  The  Recovery  Time  of  these 
initial  upsets  was  one  Read  cycle  (the  time  required  to  read  one  word).  To 
generate  an  error  period  beyond  this  time  frame  (for  two  Read  cycles),  a 
dose-rate  level  of  approximately  1.4  x 108  Rad(S1)/sec  or  greater  was 
required.  The  effect  of  the  Read  Cycle  Number  on  the  level  of  the  dose-rate 
was  determined  not  to  be  a factor.  That  is,  the  Read  Disturb  levels  recorded 


on  the  first  Read  Cycle  were  about  the  same  as  those  recorded  after  106 
Read  Cycles. 

The  test  method  used  to  record  a Read  upset  is  illustrated  in  Figure  5. 
The  top  trace  in  the  figure  shows  a section  of  the  memory  readout  (a  checker 
board  pattern)  via  one  of  the  Data  Output  lines.  The  bottom  trace  illus- 
trates the  simultaneous  Macrodata  response  to  the  above  data  output.  Th'“e 
is  approximately  one  Read  Cycle  delay  between  the  Data  Output  response  and 
the  corresponding  Macrodata  response.  Both  responses  are  correct  for  the 
stored  pattern.  If  an  error  did  occur,  the  Macrodata  response  would  be 
different.  In  a like  manner,  three  other  dual -beam  scopes  are  used  for  the 
other  data  lines. 


D00  Output 


Time  (2  ps/dlv) 


MD-104  Response 


Word  Number 


Figure  5.  Illustration  of  Pre-radiation  Data  taken  on  Memory  ER  3400. 

Top  Trace:  "Checkerboard"  Output  Response  via  Data  Output  Line  D00  for 
Words  No.  4 through  10.  Bottom  Trace:  Correct  Macrodata  Response  to  the 
D00  Output. 


Actual  samples  of  two  Read  Disturbs  for  one  of  the  test  arrays  is  pre- 


sented in  Figure  6.  Shown  is  the  Pre-radiation  and  the  Shot  data  of  Read 
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READ  DISTURB  DATA 
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Dose  Rate  = 1.1  x 108  Rad(Si)/sec 

Pre-Radiation  Data 
2 nSec/Div 


Shot  Data 
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Dose  Rate  = 2.0  x 1010  Rad(Si)/sec 


Pre-Radiation  Data 
2 pSec/Div 


DOO  Output 
(010101  — ) 


MD  Response 
(No  Errors) 


Shot  Data 
2 pSec/Div 


(D) 


DOO  Output 
(0????!-) 


MD  Response 
Errors  in  Words 
(5)  through  (8) 


Figure  6.  Flash  X-ray  Response  for  two  Read  Disturb  Tests  recorded  at  Dose 
Rate  Levels  of  1.1  x 108  and  2.0  x 1010  Rad(Si)/sec.  Responses:  Checkerboard 
Readout  of  Data  Output  Lines,  D03  & DOO  [Words  (4)  to  (10)]  with  MD-104  Inter- 
pretation. For  the  Shot  Data,  the  Radiation  Burst  hit  approx.  200  ns  BEFORE 
the  Data  Out  signal  of  Word  (5). 
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Disturb  Tests  recorded  at  dose-rate  levels  of  1.1  x 108  and  2.0  x 1010 
Rad(Si)/sec.  In  both  cases,  the  radiation  burst  was  applied  in  the  Read 
Cycle  for  Word  5.  Recovery  Time  from  these  two  upsets  was  one  Read  Cycle 
for  the  lower  dose-rate  and  four  Read  Cycles  for  the  higher  dose-rate. 

Other  information  obtained  from  this  portion  of  the  evaluation  was: 

(1)  no  data  were  lost  in  the  actual  MNOS  memory  of  the  test  device  as  a 
result  of  the  transient  radiation,  (2)  all  of  the  upsets  were  attributed  to 
effects  within  the  peripheral  circuitry,  and  (3)  no  permanent  changes  in 
the  electrical  characteristics  of  the  memory  device  were  noted  during  these 
Read  Disturb  Tests. 

Write  Disturb  Tests:  When  a transient  radiation  burst  was  applied  dur- 
ing a Write  operation,  a dose-rate  level  of  3.1  x 108  Rad(Si)/sec  or  greater 
was  required  to  produce  an  error  in  the  stored  memory.  To  produce  this 
false  Write,  the  radiation  burst  had  to  be  applied  at  the  start  of  a Write 
Enable  gate  of  a chosen  Write  Cycle.  An  example  of  this  type  of  disturb- 
ance is  presented  in  Figure  7.  Shown  are  the  results  of  a radiation  burst 
being  applied  in  the  fourth  Write  Cycle,  producing  a false  Logic  "1"  storge 
in  the  memory  instead  of  the  correct  Logic  "0". 

The  overall  results  in  this  phase  showed  that  a radiation  burst  (no 
matter  what  the  magnitude)  would  only  cause  a false  Logic  "1"  to  be  written. 
If  the  radiation  burst  was  applied  when  a true  Logic  "1"  was  being  written, 
there  was  no  effect.  There  was  only  an  effect  when  a true  Logic  "0"  was 
being  written.  Also,  only  the  memory  word  that  was  being  written  at  the 
time  of  the  burst  was  affected.  Memory  words  written  before  and  after  the 
irradiation  were  not  affected. 

Other  information  worth  noting  from  the  Write  Disturb  Tests  was  that 


124 


WRITE  DISTURB  DATA 


Dose  Rate  = 3.1  x 108  Rad(Si)/sec 


Pre-Radiation  Data 
2 vSec/Div 


Shot  Data 
2 ySec/Div 


D03  Output 
(101010—) 


MD  Response 
(No  Errors) 


D03  Output 
(101710 — ) 


MD  Response 
Error-Word  (4) 


Figure  7.  Flash  X-ray  Results  for  a Write  Disturb  Test  recorded  at  a Dose 
Rate  of  3.1  x 108  Rad(Si)/sec.  Responses:  Checkerboard  Readout  of  Data-Out 
Line  D03  [Words  (1)  to  (7)]  after  burst  hit  in  the  forth  Write  Cycle. 


SURVIVAL  AND  RECOVERY  DATA 


Dose  Rate  = 9.0  x 1011  Rad(Si)/sec 


Pre-Radiation  Data 
10  ySec/Div 


Shot  Data 
10  ySec/Div 


D00 

Output 


MD-104 

Response 


D00 

Output 


MD-104 

Response 


(A) 


(B) 


fl 


Figure  8.  Flash  X-ray  Response  for  a Survival  Test  recorded  in  a 2 MeV 
Vacuum  E-beam  Environment.  Responses:  Trailing  edge  of  Pause  Period 
followed  by  a Checkerboard  Readout.  Flash  X-ray  burst  hit  approx.  30  uSec 
before  the  start  of  the  Read  Period.  Recovery  Time  was  approx.  25  ySec. 
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there  were  no  permanent  changes  in  any  of  the  electrical  characteristic  or 
device  parameters  as  a result  of  the  transient  radiation.  Also,  no  Clear 
Disturb  Tests  were  performed  on  the  ER  3400  test  devices  because  of  the 
long  Clear  time  (approximately  10  msec). 

Survival  Tests:  To  obtain  the  higher  dose-rates  required  for  these 
tests,  the  Survival  tests  were  performed  in  the  2 MeV  electron-beam  envir- 
onment using  a 50  nsec  radiation  burst. 

The  main  results  from  these  tests  showed  that  the  ER  3400,  while  oper- 
ating in  the  Pause  Period,  can  survive  and  operate  properly  after  absorbing 
a transient  radiation  burst  as  high  as  9.0  x 1011  Rad(Si)/sec.  This  means 
that  the  device  can  be  cleared,  written,  and  read  properly  after  a period 
of  recovery,  with  no  changes  in  the  electrical  characteristics.  The  minimum 
period  of  recovery  needed  for  the  ER  3400  at  the  above  high  dose  rate  was 
approximately  25  nsec.  A sample  of  a Survival  Test  is  presented  in  Figure  8. 

The  figure  shows  the  pre-radiation  and  post-radiation  responses  of  a data 
output  line  of  one  of  the  memory  arrays  that  survived  at  9.0  x 10n  Rad(Si)/sec. 
Basically,  the  results  showed  that  there  was  no  loss  in  the  pre-radiation 
memory  data  or  device  operation  as  a result  of  the  burst.  The  only  change 
noted  was  a permanent  increase  in  the  Read  Access  Time  from  a pre-radiation 
value  of  approximately  600  nsec  to  a post  radiation  value  of  approximately 
800  nsec.  This  increase  was  attributed  to  a total  dose  effect  in  the  PM0S 
peripheral  circuitry  of  the  array. 

Memory  devices  tested  beyond  the  above  dose-rate  level  did  not  completely 
survive.  Failures  began  to  occur  in  some  of  the  Data  Output  circuitry.  There 
were  no  recoveries. 
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Recovery  Time  Tests:  The  recovery  time  for  the  ER  3400  was  the  min- 
imum time  needed  to  recoup  from  a radiation  burst  and  resume  normal  oper- 
ation. For  the  dose-rate  levels  tested,  the  ER  3400  required  a recovery 
time  ranging  from  3 ysec  to  approximately  25  ysec.  A table  of  the  Recov- 
ery Times  for  the  different  dose-rate  levels  is  presented  below: 


Dose-Rate  Level 
in  Rad(Si)/sec 

Recovery  Time 
(approximate) 

Affected 
Read  Cycles 

1.1  x 108 

3 usee 

1 

00 

O 

X 

• 

6 ysec 

2 

1.2  x 109 

9 ysec 

3 

2.0  x 1010 

12  ysec 

4 

6.2  x 1010 

18  ysec 

6 

9.0  x 1011 

25  ysec 

8 

The  above  Recovery  Times  were  measured  when  the  test  devices  were  operating 
in  the  Read  Mode,  and  the  radiation  burst  was  applied  approximately  200  nsec 
before  the  start  of  the  Data  Output  signals. 

TEST  RESULTS 
PHASE- 1 1 , Co-60 

Twenty- four  ER  3400  memory  arrays  obtained  from  two  different  production 
lines  were  subjected  to  total  dose  Co-60  tests.  Each  of  the  devices  was 
irradiated  until  failure  occurred,  while  operating  under  one  of  the  four  test 
conditions  presented  in  the  Co-60  Test  Procedures.  The  dose-rate  applied 
during  all  of  these  tests  was  22  Rad(Si)/sec.  A sunmary  of  the  results  is 
presented  below. 
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Test 

Conditions 

Continuous  Read 

Clear/Write/Read 

Pause  Only  . . . 

Passive  Only  . . 

The  overall  results  showed  that  the  ER  3400  could  survive  (depending 
upon  the  operating  conditions)  a total  dose  of  ionizing  radiation  ranging 
from  2 x 104  to  6 x 104  Rad(Si).  The  "worst-case"  condition  was  when  the 
memory  device  was  continuously  Read  during  the  radiation  period.  Under 
this  mode,  total  dose  failures  were  recorded  as  low  as  2 x 104  Rad(Si). 

The  most  optimum  test  condition  was  when  the  memory  was  operated  in  the 
Passive  Only  state.  That  is,  no  voltage  was  applied  to  the  test  device 
during  irradiation.  Under  this  mode,  the  arrays  were  capable  of  surviving 
up  to  a total  dose  level  of  6 x 104  Rad(Si).  A comparison  between  these 
two  operating  modes  is  best  shown  in  Figures  9 and  10. 

Shown  is  the  degradation  in  Read  Access  Time  as  a function  of  total 
radiation  absorbed.  These  plots  show  the  performance  of  the  ER  3400  oper- 
ating in  Co-60  radiation.  Figure  9 presents  the  results  of  an  ER  3400  lot 
fabricated  on  a production  line  located  in  the  United  States.  Figure  10 
shows  the  Co-60  results  of  another  lot  fabricated  in  Taiwan.  The  results 
plotted  are  typical  for  the  two  memory  lots  tested. 

The  plots  in  Figure  9 (for  memory  Lot  No.  ER3400-GI0978-419192)  show 
that  while  operating  under  a maximum  stress  condition  (Continuous  Read), 
the  Read  Access  Times  will  exceed  the  designed  spec,  limits  of  900  nsec 
after  absorbing  a total  gamma  dose  of  approximately  2 x 104  Rad(Si)/sec. 


Total  Dose  Failure 
Level  CRad(Si)] 

. 2.0  - 3.0  x 104 
. 2.3  - 3.5  x 104 
. 2.5  - 4.0  x 104 
. 4.0  - 6.0  x 104 
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ACCESS  TIME 


DOSE  - RAD (Si) 

Figure  9.  Co-60  Data.  ER3400  Read  Access  Time  versus  Total  Gamma  Dose. 
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However,  the  same  curve  shows  that  if  the  Read  Cycle  Rate  was  reduced,  and 
the  Read  Access  Time  was  allowed  to  increase,  the  devices  could  survive  and 
operate  up  to  a total  dose  of  3 x 104  Rad(Si).  Shown  also  is  the  radiation 
performance  while  operating  under  the  optimum  conditions  (Passive  Only  Test). 
Here,  with  no  voltage  applied  during  the  radiation  period,  the  memory  arrays 
were  made  to  operate  and  survive  up  to  total  dose  levels  of  6 x 104  Rad(Si). 

Figure  10  (covering  Lot  No.  ER3400-GI7821-TAIWAN)  presents  the  same  two 
types  of  curves.  For  this  memory  lot,  the  data  show  that  the  Read  Access 
Time  (while  operating  in  the  Continuous  Read  Mode)  will  exceed  the  designed 
limit  of  900  nsec  after  absorbing  a total  dose  level  of  1.5  x 104  Rad(Si)/sec. 
This  level  of  hardness  is  approximately  5 x 103  Rad(Si)  lower  than  the  same 
datum  point  in  Figure  9.  Reducing  the  Cycle  Rates  of  the  Taiwan  memories 
also  increased  the  radiation  survival  levels.  While  operating  in  the  Con- 
tinuous Read  Mode,  the  Taiwan  arrays  could  be  made  to  survive  at  total  dose 
levels  up  to  2 x 104  Rad(Si),  and  removing  the  power  from  the  devices  during 
irradiation  increased  this  survival  level  up  to  4 x 104  Rad(Si).  Again, 
however,  these  last  two  survival  levels  were  still  below  the  levels  obtained 
from  the  lot  tested  in  Figure  9 [approx.  10  to  20  kRad(Si)  lower]. 
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CONCLUSIONS 

Transient  Radiation  Survivability  Level:  The  dose-rate  results 
show  that  the  ER  3400  MNOS  EAROM  array  can  survive  a 50  nsec  radiation  burst 
of  45  kRad(Si)  or  a dose-rate  level  of  9 x 1011  Rad(Si)/sec  in  a 2 MeV  E-beam 
environment  with  no  loss  of  memory  data  or  device  operation. 

I j 

Disturb  Level  (Read  Mode):  A disturb  mechanism  can  be  temporarily  in- 
duced in  the  Read  Operating  Mode  of  the  ER  3400  if  the  radiation  burst  (in  the 
X-ray  Mode)  is  applied  to  the  device  approximately  200  nsec  before  the  Data 

|i 

Output  pulses.  The  dose-rate  levels  needed  to  generate  these  interruptions 
are  1.1  x 108  Rad(Si)/sec  and  higher. 

Disturb  Level  (Write  Mode):  Disturb  mechanism  can  be  temporarily  in- 
duced in  the  Write  Mode  of  the  devices  if  the  radiation  burst  is  applied 
at  the  start  of  a Write  Enabled  gate.  The  dose-rate  levels  needed  to  gen- 
erate these  interruptions  are  3.1  x 10®  Rad(Si)/sec  and  higher. 

Accumulating  Dose  Effects:  The  Co-60  total  dose  tests  have  shown  that 
the  ER  3400  memories  can  accumulate  a total  dose  of  gamma  radiation  up  to 
15  kRad(Si)  while  operating  under  its  maximum  stress  conditions.  Maximum 
stress  conditions  for  the  ER  3400  are  when  the  devices  are  operating  in  the 

| 

Continuous  Read  Mode  at  the  maximum  cycle  rate  (Read  Access  Time  setting 
equal  to  or  less  than  900  nsec).  However,  the  devices  can  be  made  to  survive 
at  higher  total  dose  levels  by  operating  at  reduced  cycle  rates.  The  optimum 
condition  is  when  the  memories  are  operating  in  the  Passive  Only  state.  Under 
this  condition,  the  arrays  are  capable  of  surviving  total  dose  levels  ranging 
up  to  60  kRad(Si). 
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COMMENTS 


. 

I 


As  in  the  case  of  the  previously  tested  Nitron  NCM  7040,  the  General 
Instrument  ER  3400  is  also  a commercial  device  and  was  not  designed  to  be 
radiation  hard.  The  main  reason  is  that  both  devices  employ  oxide/nitride 
PMOS  in  the  peripheral  circuitry.  This  technology  is  not  known  for  radia- 
tion hardness.  As  a result,  the  low  radiation  susceptibility  levels  for 
both  arrays  were  comparable. 

The  most  interesting  find  in  the  ER  3400  evaluation  was  in  the  Co-60 
or  total  dose  tests.  In  this  phase,  the  results  showed  that  the  total  dose 
failure  levels  were  not  the  same  for  the  two  different  lot  numbers.  The 
arrays  fabricated  in  Taiwan  were  consistently  lower  in  total  dose  hardness 
than  the  lot  fabricated  in  the  United  States.  Since  appearance  and  elec- 
trical performance  were  the  same  for  both  chips,  it  was  concluded  that  the 
differences  in  the  total  dose  results  was  due  to  "Process-Control".  The 
significance  of  this  finding  is  that  it  shows  the  important  role  that 
process-control  can  play  in  determining  the  radiation  hardness  levels  of  a 
paricular  memory  device. 


133 


- 4 

J 


’ 


> 


AFWL-TR-79-39 


IONIZING  DOSE-RATE  AND  TOTAL  DOSE  TESTS  ON  THE 
SPERRY  RAND  NONVOLATILE  256-BIT 
MNOS  RAM  ARRAY  NO.  (SR2256) 

ABSTRACT 

Ionizing  dose-rate  and  total  dose  tests  have  been  performed  on  the  Sperry 
Rand  256-Bit  MNOS  (SR2256)  RAM  array.  Results  from  these  tests  have  shown  that 
the  devices  can  survive  dose-rate  levels  as  high  as  1 .0  x 1012  Rad(Si)/sec  In  a 
2 MeV  electron-beam  environment  with  no  loss  of  memory  data  or  permanent  degra- 
dation in  device  operation.  However,  under  certain  test  conditions,  the  "Read" 
and  "Write"  modes  of  the  arrays  can  be  temporarily  interrupted.  In  the  Read 
mode,  this  interruption  can  be  induced  at  dose-rate  levels  of  4 x 108  Rad(Si)/sec 
and  higher  if  the  radiation  burst  is  applied  approximately  1 microsecond  before 
the  start  of  the  "Data  Output"  signals.  In  the  Write  mode,  a disturb  mechanism 
can  be  generated  in  a 2 MeV  electron  beam  at  dose-rate  levels  of  2.4  x 1011 
Rad(Si)/sec  and  higher  if  the  burst  is  applied  at  the  start  of  the  "Memory 
Enable"  signal.  Also,  the  total  dose  tests  have  shown  that  the  memory  arrays 
(while  cycling  through  the  operational  modes  at  the  maximum  rates)  can  accumulate 
a total  dose  of  gamma  radiation  in  excess  of  1 x 105  Rad(Si)  and  survive.  At 
reduced  cycle  rates,  the  arrays  can  operate  and  survive  up  to  3 x 10s  Rad(Si). 
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INTRODUCTION 

In  the  preceding  evaluations,  the  Air  Force  Weapons  Laboratory  conduct- 
ed ionizing  radiation  studies  on  various  MNOS  memory  devices  and  related  PMOS 
circuitry.  The  overall  objective  of  these  evaluations  was  to  obtain 
data  which  would  assist  in  optimizing  the  radiation  hardness  levels  and 
electrical  characteristics  of  MNOS  memories  for  possible  application  in 
nuclear  and  space  radiation  environments.  A result  from  these  efforts  was 
the  fabrication  of  a special  prototype  device.  This  device  was  the  Sperry 
Rand  SR2256  MNOS  RAM  array.  This  report  presents  the  results  from  the  radiation 
testing  performed  on  this  device  at  the  Air  Force  Weapons  Laboratory.  In- 
cluded are  the  ionizing  dose-rate  and  total  dose  test  results  obtained  from 
Febetron  705  flash  X-ray  and  Co-60  environments.  A total  of  15  memory  arrays 
was  evaluated.  No  neutron  tests  were  performed  on  these  arrays  because 
earlier  neutron  tests  conducted  on  related  discrete  PMOS  and  MNOS  components 
showed  no  degrading  effects  on  the  majority  carrier  devices  at  exposure 
levels  to  1015  n/cm2  (See  Reference  1). 

THE  SPERRY  SR2256 

The  SR2256  is  a fully  decoded,  64-word  by  4-bit,  electrically  alterable, 
non-volatile,  static  Read/Write  RAM  designed  to  interface  with  TTL  and  CMOS. 

The  device  employs  enhancement  mode,  clean  oxide  PMOS  with  conventional  MNOS 
(non-step  gate)  on  bulk  silicon  technology.  It  is  packaged  in  a standard 
40  pin  DIP  with  separate  Data  Inputs  and  Outputs.  Some  of  the  important 

1.  Marraffino,  P.,  et  al.  Design  and  Fabrication  of  Radiation  Hardened 
MNOS  Memory  Array.  AFWL-TR-74-209,  July  1975. 
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electrical  specifications  obtained  from  the  Reliability  Tests  in  Reference 
2 are: 

Clear/Write  Cycle  Time 
Read  Access  Time 
Retention 
Endurance 
Power  Dissipation 

The  Retention  Time  is  determined  by  the  length  of  the  Clear/Write 
Cycle.  As  as  example,  for  a retention  of  24  hours  plus  106  Read  cycles, 
a 2.8  pSec  Clear/Write  Time  would  be  needed.  Also,  the  worst  case  power 
dissipation  corresponds  to  operating  in  the  Clear  and  Read  modes. 

A photomicrograph  and  simplified  block  diagram  of  the  SR2256  are  shown 
in  Figure  1.  The  prominent  design  features  of  the  256  mils  by  224  mils 
chvp  are:  (1)  the  division  of  the  memory  cells  into  two  32  by  4 bit  arrays 
to  reduce  substrate  capacitance,  (2)  the  use  of  two  MNOS  transistors  for 
each  memory  cell  for  longer  storage  capacity,  and  (3)  the  use  of  two  extra 
timing  signals  [data  latch  (DL)  and  memory  enable  (ME)]  designed  to  reduce 
transient  upsets  in  the  Read/Write  modes.  In  the  technology  tradeoffs, 
speed  was  emphasized  over  power  and  total  dose  hardness  was  emphasized 
over  chip  area. 


1.4  pSec  - 2.8  pSec 
1.0  pSec  - 1.8  pSec 
>24  Hrs  with  106  Read  Cycles 
>10n  Clear/Write  Cycles 
780  mW  (Worst  Case) 
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RADIATION  TEST  OBJECTIVES 

Dose- Rate:  The  objectives  of  the  dose-rate  tests  were  to  determine  (1) 
the  dose-rate  levels  needed  to  upset  or  jam  the  operational  modes  of  the 
device,  (2)  the  maximum  dose-rate  levels  the  memory  can  withstand  and  still 
operate  after  the  burst,  and  (3)  the  time  needed  to  recover  or  anneal  from 
a particular  radiation  burst. 

Total  Dose:  In  the  total  dose  tests,  the  objective  was  to  determine  the 
permanent  of  temporary  changes  in  the  memory's  characteristics  (under  dif- 
ferent operating  conditions)  as  a result  of  a given  amount  of  ionizing 
radiation. 


TEST  SETUP 

To  achieve  the  above  objectives  (especially  in  the  dose-rate  tests) 
the  test  setup  had  to  have  the  following  capabilities:  (1)  the  ability  to 
place  the  radiation  burst  at  any  point  in  the  desired  test  cycle,  (2)  the 
ability  to  exercise  the  memory  array  at  its  maximum  cycle  rate  with  the  test 
device  in  the  test  cell,  (3)  the  ability  to  record  the  memory  responses  before, 
during  and  immediately  after  the  radiation  burst,  and  (4)  the  ability  to  make 
a decision  on  the  effectiveness  of  the  radiation. 

The  radiation  test  setup  designed  for  this  evaluation  had  the  above  capa- 
bilities; see  Figure  (2).  The  setup  illustrated  was  used  for  both  the  dose- 
rate  and  the  total  dose  tests.  Shown  is  the  256-bit  memory  test  device  in  the 
radiation  test  cell  being  electrically  exercised  from  a remote  data  room  by  a 
Macrodata  MD-104  LSI  tester  through  an  "Interface  Board."  The  Macrodata  pro- 
vided the  control  functions  (Clear,  Write,  and  Read),  the  address  generations, 
the  data  patterns  to  the  Interface  Board,  and  the  response  to  the  data  returning 
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from  the  board.  The  Interface  Board  provided  the  voltage  transitions  between 
the  TTL  output  levels  of  the  Macrodata  and  the  +15  volt  levels  of  the  test 
device.  The  board  also  provided  adjustable  controls  over  the  timing  and  pulse 
widths  of  the  memory  gating  signals.  Some  of  the  major  timing  parameters 
provided  by  the  setup  were: 

Clear/Write  Cycle  Time  = 2.7  ps 
Clear  Time  = 1 ps 
Write  Time  s 1 ps 
Read  Cycle  Time  = 3 ps 
Data  Strobe  Time  = 2 ps 

The  above  timing  gates  were  chosen  to  accommodate  the  worst  case  test 
conditions.  The  Data  Strobe  Time  was  the  amount  of  time  given  to  the  test 
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devices  to  respond  to  a Read  gate  from  the  Macrodata.  As  used  here,  the 
Data  Strobe  was  an  Indirect  measurement  of  memory  Read  Access  Time.  Any  test 
device  that  did  not  respond  within  this  2 ps  time  period  caused  the  Test 
System  to  respond  with  an  error. 

In  addition  to  the  interface  board,  the  setup  included  line  drivers,  a 
remote  trigger  circuit,  an  event  counter,  and  high  speed  dual-beam  scopes. 

The  line  drivers  were  used  to  drive  the  long  transmission  lines  between  the 
test  device  and  the  interface  board.  The  remote  trigger  system  was  used  to 
synchronize  the  flash  x-ray  burst  to  any  point  within  the  oepratlonal  cycle. 

A control  event  counter  was  used  to  allow  testing  after  a designated  number 
of  Read  cycles.  Dual -beam  scopes  were  used  to  record  the  data  responses,  the 
access  times,  and  the  pass/fall  Information. 
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TEST  PROCEDURES  (FLASH  X-RAY) 


The  first  phase  of  the  radiation  testing  was  the  dose-rate  tests.  These 
tests  were  classified  as  "Dynamic  Tests"  because  the  concern  was  in 
the  device  behavior  before,  during,  and  immediately  after  the  radiation  burst. 
These  tests  covered  two  general  areas.  These  were:  (1)  the  Operational 
Disturb  Tests,  and  (2)  the  Survival  and  Recovery  Tests. 

Operational  Disturb  Tests : The  first  series  of  transient  radiation  tests 
was  the  Operational  Disturb  Tests.  The  main  objective  of  these  tests  was  to 
determine  the  minimum  dose- rate  levels  which  would  produce  an  error  in  the 
memory  response.  The  dose-rates  of  interest  for  these  tests  ranged  from  107 
Rad(Si)/sec  to  1011  Rad(Si)/sec.  Further,  this  group  of  tests  was  divided  into 
two  areas.  These  were:  (1)  the  Read  Disturb  tests,  and  (2)  the  Clear/Mrite 
Disturb  tests. 

The  Read  Disturb  Tests:  The  Read  Disturb  tests  were  performed  first  because 
the  memory  device  was  thought  to  be  more  sensitive  to  transient  upsets  when 
operating  in  the  Read  Mode.  In  this  test,  the  radiation  burst  was  applied  in  a 
predetermined  Read  Cycle  with  the  objective  of  producing  errors  in  the  recorded 
memory  responses.  The  radiation  testing  zone  for  the  chosen  Read  Cycle  is 
illustrated  in  Fugure  (3).  The  zone  ranged  from  the  start  of  the  Read  Power 
Strobe  to  the  start  of  the  Data  Output  responses.  This  testing  zone  was  chosen 
because  it  was  believed  that  a radiation  burst  hitting  within  this  area  would 
have  the  highest  probability  of  producing  errors  in  the  recorded  Data  Outputs. 

In  addition,  the  effects  of  the  Read  Cycle  Number  as  a function  of  dose- 
rate  upset  were  also  determined.  These  effects  were  found  by  performing  the 
Read  Disturb  Test  under  two  conditions.  The  first  condition  (which  was  considered 


141 


READ  MODE 


U— Testing  — fr| 


Zone 


Power  Strobe  (PS) 
Standby-Clear  (SB/C) 
Memory  Enable  (ME) 
Data  Latch  (DL) 

Data  Output  (DO) 


Figure  3.  Flash  X-ray  Radiation  Test  Zone  in  Relation  to  the  Read  Timing 
Gates  of  the  Sperry  Rand  SR  2256. 
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Figure  4.  Flash  X-ray  Radiation  Test  Zone  in  Relation  to  the  Clear/Write 
Period  of  the  Sperry  Rand  SR  2256. 
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the  Worst-Case)  was  to  perform  the  tests  on  the  first  Read  cycle  after  the 
memory  had  been  Read  continuously  for  106  times.  The  second  condition  was  to 
perform  the  same  test  on  the  first  Read  cycle  after  a Clear/Write  period.  The 
reason  for  choosing  these  two  limits  was  that  the  stored  Threshold  Voltages 
within  the  memory  cells  would  be  lower  under  condition  (1)  and  higher  under 
condition  (2).  As  a result,  the  susceptibility  level  of  the  device  to  transient 
upsets  will  be  different  for  the  above  two  conditions  (higher  for  Number  1 and 
lower  for  Number  2).  The  results  did  answer  the  question  on  Read  Cycle  Number 
affecting  the  Read  Disturb  level. 

The  Clear/Write  Disturb  Test:  The  second  group  of  tests  under  the  disturb 
phase  was  the  Clear/Write  Disturb  Test.  In  these  tests,  the  objective  was  to 
determine  tbe  disturb  mechanism  of  a radiation  burst  occurring  within  a Clear/ 
Write  cycle.  The  test  zone  for  this  phase  is  illustrated  in  Figure  (4).  As 
shown,  the  test  zone  extends  from  the  start  of  the  Clear  Memory  Enable  gate 
to  the  middle  of  the  Write  Memory  Enable  gate.  Within  this  time  frame,  the 
point  most  sensitive  to  transient  radiation  was  first  determined,  and  then  the 
minimum  dose-rate  level  which  would  prevent  the  particular  Write  cycle  from 
functioning  was  measured.  Also  monitored  were  the  radiation  effects  on  the 
other  Write  cycles  of  the  same  period. 

Survival  and  Recovery  Tests:  The  last  phase  of  the  flaxh  X-ray  tests  was 
the  Survival  and  Recovery  measurements.  In  this  phase,  the  primary  objectives 
were  to  determine  the  maximum  dose-rate  levels  the  devices  could  withstand  and 
still  operate  after  the  burst  and  to  measure  the  recovery  time.  Dose-rate 
levels  of  exposure  ranged  from  2 x 1010  Rad(Si)/sec  to  2 x 1012  Rad(Si)/sec. 

The  operating  mode  subjected  to  exposure  was  limited  to  the  device's  "Pause" 
period  because  of  the  limited  amount  of  devices  and  the  higher  probability  of 
survival  in  this  period. 
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TEST  PROCEDURES  (Co-60) 


The  last  phase  of  the  radiation  testing  was  the  total  dose  tests.  This 
series  was  composed  of  three  types  of  tests.  Each  type  represented  an  opera- 
tional condition  of  the  device.  These  tests  were: 

1.  The  Clear/Write/Read  Cycle  test, 

2.  The  Pause  Only  Test,  and 

3.  The  Passive  Only  Test. 

All  three  tests  were  performed  in  the  AFWL  Co-60  source  at  a low  dose- 
rate  of  77  Rad(Si)/sec.  The  first  test  was  classified  as  Dynamic  and  the 
remaining  two  were  classified  Static.  The  Dynamic  tests  were  concerned 
with  the  device  behavior  before,  during,  and  immediately  after  the  radiation. 

The  Static  tests  were  concerned  with  the  behavior  directly  before  and  after 
a specified  level  of  exposure. 

Clear/Write/Read  Cycle  Test:  In  this  dynamic  test,  the  memory  device  was 
continuously  cycled  through  all  of  the  operational  modes  (at  the  maximum  rate) 
while  being  irradiated.  In  the  meantime,  the  data  output  from  the  memory  device, 
along  with  the  changing  Clear/Write/Read  Cycle,  and  Access  Time  was  continuously 
monitored  and  recorded.  Also  recorded  was  the  changing  gate  threshold  voltage 
of  the  PMOS  test  transistor  provided  with  the  array  for  evaluation.  The  test  was 
continued  until  the  device  failed  or  until  the  Data  Output  was  no  longer  correct. 
From  the  results,  the  total  dose  that  the  test  device  could  withstand  while 
operating  under  the  maximum  electrical  stress  condition  was  known.  Also,  the 
Read  Access  Time  along  with  the  Gate  Threshold  shift  as  a function  of  total 
dose  was  plotted. 
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Pause  Only  Test:  This  test  was  the  first  of  two  Static  tests.  The 
test  device  was  subjected  to  radiation  only  during  the  Pause  or  Wait  period 
of  operation.  No  Clear,  Write,  or  Read  pulse  was  applied  during  irradiation. 
However,  all  other  D.C.  voltages  were  present.  Again  (as  in  the  above  test) 
the  Data  Output  along  with  the  Clear/Write,  Read,  and  Access  Time  was  recorded. 
This  test  was  also  continued  until  device  failure,  and  the  Access  Time 
along  with  the  Gate  Threshold  shift  as  a function  of  total  dose  was  plotted. 

The  Passive  Test:  The  test  procedures  and  radiation  conditions  for  this 
test  were  the  same  as  in  the  previous  two  tests,  except  that  the  device  was  in 
a completely  passive  condition  during  irradiation.  That  is,  no  voltage  was 
applied  to  the  device,  and  all  pin  leads  were  grounded.  Irradiation  was  con- 
tinued until  failure  occurred;  the  same  parameters  were  monitored,  recorded, 
and  plotted. 

TEST  RESULTS 
PHASE  I,  FLASH  X-RAY 

All  of  the  dose-rate  tests  were  performed  with  a Febetron  705  Flash  X-ray 
machine  operating  in  a X-ray  Mode  using  a 20  nsec  pulse  width,  and  in  a 2 MeV 
E-beam  Mode  (in  vacuum)  using  a 50  nsec  pulse  width.  The  X-ray  Mode  was  used 
for  dose-rate  tests  up  to  6 x 1010  Rad(Si)/sec,  and  the  E-beam  Mode  was  used 
for  higher  levels.  A summary  of  the  dose-rate  disturb  levels  for  the  SR2256 
memory  array  is  presented  below. 

Transient  Read  Disturb  ....  4.0  x 108  Rad(Si)/sec 
Transient  Write  Disturb  . . . 2.4  x 10n  Rad(Si)/sec 
Transient  Bit  Survival  ....  1.0  x 1012  Rad(Si)/sec 
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Read  Disturb  Tests:  Transient  radiation  upsets  were  recorded  when  the 
SR2256  array  was  in  the  Read  Mode  at  dose-rate  levels  as  low  as  4 x 108  Rad 
(Si)/sec.  The  lowest  level  of  upset  (or  worst  case)  occurred  when  the  rad- 
iation burst  was  applied  approximately  1 microsecond  before  the  start  of  a 
Logic  "0"  data  output  signal.  For  data  output  responses  of  Logic  "1",  a 
dose-rate  level  of  approximately  4.2  x 108  Rad(Si)/sec  was  needed  for  an 
upset.  The  recovery  time  of  these  initial  upsets  was  one  Read  Cycle  (the 
time  required  to  read  one  word).  To  generate  an  error  period  beyond  this 
time  frame  (for  two  Read  Cycles),  a dose-rate  level  of  approximately  2 x 1010 
Rad(Si)/sec  or  greater  was  required.  The  effect  of  the  Read  Cycle  Number  on 
the  level  of  the  dose-rate  upset  was  determined  not  to  be  a factor.  That 
is,  the  Read  Disturb  levels  recorded  on  the  first  Read  Cycle  were  about  the 
same  as  those  recorded  after  106  Read  Cycles. 

The  test  method  used  to  record  a Read  upset  is  illustrated  in  Figure  5. 

The  top  trace  in  the  figure  shows  a section  of  the  memory  readout  (a  checker- 
board pattern)  via  one  of  the  Data  Output  lines.  The  bottom  trace  illus- 
trates the  simultaneous  Macrodata  response  to  the  above  data  out.  Both 
responses  are  correct  for  the  stored  pattern.  If  an  error  did  occur,  the  Macro- 
data response  would  be  different.  Similarly,  three  other  dual-beam  scopes 
are  used  for  the  other  data  lines. 

A sample  of  a Read  Disturb  for  one  of  the  arrays  is  presented  in  Figure  6. 
Shown  is  the  lowest  dose-rate  value  where  both  of  the  two  logic  output  levels 
were  upset  simultaneously.  For  this  case,  the  transient  radiation  burst  was 
applied  approximately  1 ysec  before  the  start  of  Data  Output  of  Word  three 
in  the  first  Read  Cycle  following  106  continuous  Reads. 
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Word  Number 
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Figure  5.  Illustration  of  Pre-radiation  Data  taken  on  Memory  SR2256.  Top 
Trace:  "Checkerboard"  Output  Response  via  Data  Output  Line  D00  for  Words 
No.  1 through  10.  Bottom  Trace:  Correct  Macrodata  Response  to  the  D00  Out. 
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Figure  6.  Read  Disturb  Data.  Flash  X-ray  Response  for  a Read  Disturb  Test 
recorded  at  a Dose-Rate  Level  of  4.2  x 108  Rad(Si)/sec.  Responses:  Checker- 
board Readout  of  Data-Out  Lines,  DOO  & DO!  [Words  (1)  to  (6)]  with  MD-104 
Interpretation. 


Clear/Write  Disturb  Tests:  When  a transient  radiation  burst  was  applied 
during  a Clear/Write  operation,  a dose-rate  level  of  at  least  2.4  x 1011 
Rad(Si)/sec  (in  the  electron-beam  mode)  was  needed  to  produce  errors  in  the 
following  Read  periods.  These  recorded  upsets  were  labeled  as  Write  Disturbs 
because  the  radiation  burst  was  applied  during  the  Write  period.  They  were 
further  classified  as  "conditional"  because  at  no  time  during  the  tests  did 
any  false  data  get  written  into,  or  removed  from,  the  memory  as  a result 
of  the  burst.  An  example  of  this  type  of  disturb  is  presented  in  Figure  7. 
The  results  in  the  figure  show  that  the  errors  produced  in  the  subsequent 
Read  Period  were  the  result  of  a decrease  in  the  peak  output  voltage  levels 
of  the  data  out  signals,  and  not  the  result  of  false  data  generated. 

It  should  be  noted  for  this  group  of  tests,  that  the  radiation  burst  was 
applied  at  the  start  of  the  Memory  Enable  (ME)  signal  of  the  chosen  Write 
Cycle.  This  point  was  determined  experimentally  to  be  the  most  sensitive  in 
producing  a transient  upset  in  a Clear/Write  operation. 
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Figure  7.  CLEAR/WRITE  DISTURB  DATA.  Flash  X-ray  Results  for  a Clear/Write 
Disturb  Test  recorded  at  a Dose-Rate  of  2.4  x 10“  Rad(Si)/sec.  Responses: 
Checkerboard  Readout  of  Data  Output  Line  D01  [Words  (1)  to  (64)]  after  burst 
hit  in  the  forth  Write  Cycle. 


Survival  and  Recovery  Tests:  To  obtain  the  higher  dose-rates  required 
for  these  tests,  the  Survival  and  Recovery  Tests  were  performed  in  the  2 MeV 
electron-beam  environment  using  a 50  nsec  radiation  burst. 


The  main  results  from  these  tests  showed  that  the  SR2256,  while  oper- 
ating in  the  Pause  Period,  can  survive  and  operate  properly  after  absorbing 
a transient  radiation  burst  as  high  as  1.0  x 1012  Rad(Si)/sec.  The  minimum 
period  of  time  needed  by  the  array  to  recover  from  this  high  dose-rate  was 
approximately  80  psec.  A sample  of  a survival  test  is  presented  in  Fig- 
ure 8.  The  figure  shows  the  pre-radiation  and  post-radiation  responses  of 
a data  output  line  of  one  of  the  memory  arrays  that  survived  at  the  dose- 
rate  of  1.1  x 1012  Rad(Si)/sec.  Other  post  testing  on  the  same  array  showed 
that  there  was  no  loss  of  the  pre-radiation  memory  data  or  device  operation 
as  a result  of  the  burst. 
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Figure  8.  SURVIVAL  and  RECOVERY  DATA.  Flash  X-ray  Response  for  a Survival 
Test  recorded  at  a Dose-Rate  of  1.1  x 1012  Rad(Si)/sec  in  a 2 MeV  E-beam  En- 
vironment. Responses:  Trailing  edge  of  Pause  Period  followed  by  a Checker- 
board Readout.  Flash  X-ray  burst  hit  30  psec  before  the  Read  Period.  Rec- 
overy Time  = 80  psec. 

Two  other  arrays  were  tested  at  higher  dose-rate  levels.  One  was  tested 
at  1.3  x 1012  Rad(Si)/sec  and  the  other  tested  at  2.03  x 1012  Rad(Si)/sec. 

The  device  tested  at  the  highest  level  was  completely  destroyed,  and  the  memory 
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tested  at  the  lower  level  survived  conditionally.  Conditional  survival 
means  that  the  memory's  electrical  timing  parameters  had  to  be  changed  in 
order  for  the  device  to  operate  properly  after  the  burst.  Also,  the  device 
that  survived  conditionally  did  not  lose  its  memory  as  a result  of  the 
burst. 

TEST  RESULTS 
PHASE  II,  C0-60 

Six  of  the  15  arrays  evaluated  were  subjected  to  total  dose  Co-60 
tests.  All  six  of  the  devices  were  selected  from  different  lots,  but  with 
similar  pre-radiation  Read  Access  Times  (approximately  1.0  to  1.2  usee). 

Each  of  the  six  devices  was  then  irradiated  while  operating  under  one  of 
the  three  test  conditions  listed  in  the  "Test  Procedures".  A summary  of 
the  Total  Dose  Hardness  results  is  presented  below. 

No  changes  in  Cycle  Times  Required  . . . 1 .0  x 105  Rad(Si) 

Changes  in  Cycle  Times  Required  ....  2.0  x 105  Rad(Si) 

Memory  Failure 3.0  x 105  Rad(Si) 

The  overall  results  showd  that  (depending  upon  the  operating  conditions), 
the  SR2256  can  survive  a total  dose  of  ionizing  radiation  ranging  up  to 
3.0  x 105  Rad(Si).  The  results  also  showed  that  the  three  operating  test 
conditions  had  no  apparant  effect  on  the  degradation  rate  of  the  devices 
exposed  to  Co-60  radiation.  In  all  three  cases,  the  rate  of  increase  in 
the  Read  Access  Time  was  approximately  equal.  The  results  also  showed  that 
all  devices  were  still  functioning  (with  timing  changes  in  the  Clear/Write/ 
Read  gating  limits)  after  absorbing  2 x 105  Rad(Si)  of  total  dose. 
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Finally,  the  results  showed  that  at  3 x 105  Rad(Si),  all  the  devices  were 
inoperative,  regardless  of  the  cycle  time  setting.  These  results  are  shown 
in  Figure  9. 

Figure  9 shows  the  Read  Access  Time  degradation  versus  total  dose  for 
three  SR2256  arrays  tested  under  the  three  operating  conditions.  The  results 
presented  are  typical  for  all  of  the  devices  tested.  The  data  show  that 
the  test  devices  can  accumulate  a total  dose  in  excess  of  1 x 105  Rad(Si) 
and  operate  within  the  pre-radiation  timing  limits  (1  ysec  Write  Time 
and  1.8  ysec  Read  Access  Time).  For  operating  beyond  this  level  and  up  to 
2 x 105  Rad(Si),  the  Access  Time  would  have  to  be  extended  to  approximately 
2.8  ysec.  The  Clear  and  Write  time  would  also  have  to  be  increased  (approx- 
imately 2 ysec  each  at  this  dose  level).  Above  2 x 105  Rad(Si),  and  until 
failure,  another  microsecond  would  have  to  be  added  to  each  of  the  timing 
limits. 

The  above  data  show  that  the  SR2256,  when  irradiated  in  Co-60,  will 
"slow  down"  before  failure.  A major  reason  for  this  slow-down  is  indicated 
in  Figure  10.  Figure  10  shows  the  Gate-Threshold-Shifts  (as  a function 
of  total  dose)  of  three  fixed-gate  PMOS  test  transistors  incorporated  one 
each  on  the  test  arrays  presented  in  Figure  9.  The  importance  of  the  data 
in  Figure  10  is  that  they  show  a sample  measurement  of  the  relative  radia- 
tion hardness  of  the  PMOS  technology  employed  in  the  test  array's  peripheral 
circuitry.  More  specifically,  the  curves  show  that  the  PMOS  test  transis- 
tors (while  under  radiation  and  protected  with  fixed  bias)  suffered  nega- 
tive shifts  in  their  Gate  turn-on  voltages.  These  shifts  continued  until 
levels  of  -1.5  to  -2.0  volts  were  reached.  At  these  levels,  the  associated 
memory  arrays  were  no  longer  operating  properly.  That  is,  the  arrays 
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Figure  9.  Co-60  Data.  SR2256  Read  Access  Time  (after  106  continuous  Read) 

versus  Total  Gamma  Dose. 
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Figure  10.  Co-60  Data.  Gate  Threshold  Shifts  of  SR2256  Fixed  Threshold 
Test  Transistors  versus  Gamma  Dose. 
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could  no  longer  be  cleared,  written,  or  read  correctly  even  though  the  in- 
ternal MNOS  memory  transistors  showed  no  signs  of  malfunction.  The  impli- 
cation of  these  results  is  that  some  PMOS  transistors  within  the  peripheral 
circuitry  of  the  array  suffered  similar  gate  shifts  which  resulted  in  over- 
all slow-down  of  the  total  device,  and  finally  failure. 

CONCLUSIONS 

Transient  Radiation  Survivability  Level.  The  dose-rate  results  have 
shown  that  the  SR2256  MNOS  RAM  array  can  survive  a 50  nsec  radiation  burst 
of  5 x 104  Rad(Si)  or  a dose-rate  level  of  1.0  x 1012  Rad(Si)/sec  in  a 2 MeV 
E-beam  environment  with  no  loss  of  memory  data  or  device  operation. 

Disturb  Level  (Read  Mode).  A disturb  mechanism  can  be  temporarily 
induced  in  the  Read  Operating  Mode  of  the  SR2256  if  the  radiation  burst 
(in  the  X-ray  Mode)  is  applied  to  the  device  approximately  1 psec  in  time 
before  the  Data  Output  pulses.  The  dose-rate  levels  needed  to  generate  these 
interruptions  are  4.0  x 108  Rad(Si)/sec  and  higher. 

Disturb  Level  (Clear/Write  Mode).  Disturb  mechanism  can  also  be  tempo- 
rarily induced  in  the  Clear/Write  Mode  of  the  devices  if  the  radiation  burst 
is  applied  at  the  start  of  a Memory  Enabled  Write  gate.  The  dose-rate  levels 
needed  to  generate  these  interruptions  are  2.4  x 1011  Rad(Si)/sec  or  greater 
in  a 2 MeV  E-beam  environment. 

Accumulating  Dose  Effects.  The  Co-60  total  dose  tests  have  shown  that 
the  SR2256  arrays  can  accumulate  a total  dose  of  gamma  radiation  in  excess  of 
1 x 105  Rad(Si)  while  operating  at  the  maximum  cycle  rates.  The  device  can 
survive  up  to  3 x 105  Rad(Si)  at  reduced  cycle  rates.  Total  failure  of  tne 
devices  was  attributed  to  permanent  Gate-Threshold-Shifts  (radiation  induced) 
in  the  PMOS  peripheral  circuitry. 
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DISCUSSION 

The  results  of  this  effort  showed  that  a radiation  hardened  LSI  MNOS 
RAM  using  bulk  silicon  technology  can  be  built.  This  can  be  seen  by  com- 
paring the  test  results  of  the  SR2256  with  the  two  previously  tested  com- 
mercial PMOS  MNOS  arrays  (the  ER  3400  and  the  NCM  7040).  See  table  below. 

Read  Disturb  Write  Disturb  Survival  Total  Dose 

[Rad(S1 )/s]  [Rad (Si )/s]  [Rad(Si)/s]  [Rad(Si)] 


Sperry  Rand  4.0  x 108  2.4  x 1011  1.0  x 1012  2 - 3 x 105 

SR  2256 


General  Inst.  1.1  x 108  3.1  x 108  9.0  x 1011  4 - 5 x 104 

ER  3400 


Nitron's  2.0  x 10^  2.5  x 10^  7.0  x 10^  2 - 3 x 10^ 

NCM  7040 

The  above  comparisons  show  that  the  SR2256  is  harder  in  all  categories, 
with  the  most  noted  improvements  in  the  "Write  Disturb"  and  the  "Total  Dose" 
area.  The  Write  Disturb  hardness  for  the  SR2256  shows  an  improvement  of  at 
least  several  orders  of  magnitude  over  the  two  commercial  devices,  and  the 
total  dose  hardness  is  an  improvement  of  approximately  one  order  of  magni- 
tude. However,  it  was  also  concluded  that  there  were  several  areas  for  poten- 
tial improvement,  mainly  in  the  speed,  power  and  total  dose  hardness  of  the 
memory  peripherals. 

In  the  above  SR2256  tests,  data  taken  on  the  special  PMOS  test  transistors 
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incorporated  in  each  memory  chip  indicated  that  the  total  dose  failure 
was  due  to  radiation  induced  gate-threshold-shifts  in  the  PMOS  peripheral 
and  not  the  failure  of  the  MNOS  memory  bits.  There  was  general  agreement 
on  this  finding,  and  it  was  concluded  that  the  problem  area  was  associated 
with  the  gate  oxide  thickness  of  the  PMOS  peripherals.  It  was  the  opinion 
of  Sperry  Rand  that  the  thinner  the  gate  insulator,  the  smaller  the  gate- 
threshold-shift  under  radiation  (see  Reference  2).  In  the  SR2256,  the 
thinnest  gate  insulator  that  could  be  used,  and  still  withstand  the  30  volt 
Write  voltage,  was  estimated  to  be  1000  Angstroms.  However,  because  of  ini- 
tial yield  problems,  this  minimum  thickness  was  never  realized.  As  a result, 
the  total  dose  hardness  level  was  less  than  optimum.  It  was  felt,  that  the 
optimum  condition  could  be  obtained  through  "fine-tuning"  of  Process  controls 
and  a reduction  of  the  die  size.  However,  even  if  the  optimum  condition  was 
obtained,  there  would  still  exist  a larger  need  for  an  MNOS  memory  with  lower 
power  consumption,  faster  Access  Time,  and  a larger  bit  density  than  the 
SR2256.  To  get  these  improvements,  the  AFWL  felt  that  a different  per- 
ipheral technology  had  to  be  used.  The  present  PMOS  technology  could  not 
deliver  the  desired  low  power  and  high  speed  requirements  needed  for  a com- 
petitive radiation  hardened  RAM.  As  a result,  the  AFWL  is  now  engaged  in  a 
joint  effort  with  Sandia  Laboratories  to  develop  an  MNOS  compatible,  rad- 
iation hardened  CMOS  process  leading  to  a radiation  hard  bulk  silicon 
CMOS/MNOS  RAM  array  with  low  power  and  high  speed. 
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APPENDIX  A 


1 


THE  MNOS  MEMORY  TRANSISTOR 

The  MNOS  memory  transistor  is  basically  a double  layer  Insulated-Gate- 
Field-Effect-Transistor  (IGFET)  operating  in  the  Enhancement  Mode.  The 
device  is  closely  related  to  the  MOS  transistor,  for  both  of  their  active 
regions  are  described  by  a vertical  metal-insulator-semiconductor  struc- 
ture (See  Figure  A1 ) . 


GATE 


N SUBSTRATE , . . 

\ \ \ , ■'  \ x\\\ \\ 

(A) 

SCHEMATIC  REPRESENTS  OF 
A P- CHANNEL  ENHANCEMENT 
MODE  MOS  TRANSISTOR 


GATE 

X 

7r77JYT7T, 


SOURCE  P+ 

TTY^\ 


DRAIN  P+, 


-SEMICONDUCTOR 


N SUBSTRATE 

\ \ \ \ \ ' I 


(B) 


SCHEMATIC  REPRESENTION  OF 
A MNOS  MEMORY  TRANSISTOR 


Figure  A1 . 

The  major  physical  difference  between  the  MOS  and  the  MNOS  devices  is 
in  the  construction  of  the  gate  insulator.  The  gate  insulator  of  the  MOS 
transistor  is  composed  of  a single  layer  of  silicon  oxide.  In  the  MNOS 
device,  the  gate  region  has  a two  insulator  structure  (silicon-nitride  on  top 
of  silicon-oxide). 
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The  electrical  operation  of  these  two  devices  is  also  similar.  Some 
of  these  similarities  are:  (1)  a current  channel  must  be  created  between 
the  Source  and  Drain  terminals,  (2)  this  current  channel  is  controlled  by 
a voltage  applied  across  the  Gate/Substrate  junctions,  and  (3)  the  Gate 
voltage  that  initiates  current  flow  through  this  channel  is  called  the 
"Gate  Threshold  Voltage." 

It  is  this  last  similarity  (the  Gate  Threshold  Voltage)  that  also  sets 
the  MOS  and  the  MNOS  transistor  apart  from  each  other.  For  the  MOS  trans- 
istor, the  Gate  Threshold  Voltage  is  fixed  at  a set  value  and  cannot  be 
changed  by  normal  operating  means.  In  contrast,  the  threshold  voltage  of 
a MNOS  device  is  variable  and  can  be  readily  changed  with  a high  electric 
field  applied  across  the  Gate/Substrate  junction.  This  unique  feature 
allows  the  MNOS  transistor  to  operate  in  two  states,  a "High  Conduction 
State"  and  a "Low  Conduction  State."  With  this  capability,  the  MNOS  device 
can  be  used  as  an  electronic  memory  cell  to  store  a logic  "1"  or  a logic 
"0"  data  bit. 

There  are  basically,  two  types  of  MNOS  memory  transistors;  (1)  the 
"Forward  Write"  device,  and  (2)  the  "Reverse  Write"  device.  The  Forward 
Write  transistor  requires  a large  positive  voltage  on  the  Gate  to  Write 
the  memory  into  the  High  Conduction  State,  and  a large  negative  voltage 
to  Write  a Low  Conduction  State.  For  the  Reverse  Write  transistor, 
the  procedure  is  reversed.  A large  positive  Gate  voltage  will  Write  a 
Low  Conduction  State,  and  a large  negative  voltage  will  Write  a High 
Conduction  State. 

The  MNOS  memory  transistor  that  is  used  exclusively  today  is  the  For- 
ward Write  device.  The  Gate  of  this  device  consists  of  a thin  layer  of 


oxide  (less  than  35  Angstroms),  covered  by  200  to  500  Angstroms  of  nitride. 


This  memory  distinguishes  itself  from  the  Reverse  Write  device  in  that  the 


mechanism  that  writes  a memory  in  the  forward  device  is  due  mainly  to  charge 


transport  (tunneling)  through  the  thin  gate  oxide.  This  tunneling  occurs 


for  both  electrons  and  holes. 


Figure  A2  illustrates  the  negative  charge  tunneling  that  shifts  the  Forward 


Write  memory  into  a High  Conduction  State.  This  mechanism  is  made  possible 
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Figure  A2.  Illustrations  of  a Forward  Write  MNOS  Memory  Transistor  being 
electrically  Shifted  into  a more  Positive  Threshold  or  High  Conduction  State. 


by  applying  a large  positive  Write  voltage  across  the  Gate/Substrate  junction. 


creating  an  electric  field  that  draws  electrons  from  the  substrate,  to  the 


hi 


oxide- semi conductor  interface.  Because  of  the  thinness  of  the  Gate  oxide, 
these  electrons  would  have  a high  probability  of  penetrating  the  oxide  and 
some  parts  of  the  nitride  by  quantum-mechanical  tunneling  (See  Figure  A2A). 
As  a result,  electrons  soon  become  trapped  in  deep  states  within  the  nit- 
ride, most  likely  near  the  nitride-oxide  interface.  Saturation  occurs 
when  the  field  across  the  oxide  due  to  the  trapped  electrons  equals  the 
field  due  to  the  externally  applied  Write  voltage.  When  the  positive  Write 
voltage  is  removed  from  the  Gate,  the  device  is  left  with  a net  negative 
charge  in  the  nitride.  This  situation  is  shown  in  Figure  A2B.  Under  this 
condition,  holes  are  now  attracted  to  the  boundary  between  the  substrate 
and  the  Gate  oxide.  The  result  is  a decrease  in  the  Source- to-Drain  Res- 
istance and  a shift  in  the  Gate  Threshold  Voltage  to  a more  positive  volt- 
age (Vth+)*  The  MNOS  memory  device  is  now  operating  in  a High  Conduction 
State  (VHC).  The  memory  will  stay  in  this  state  as  long  as  the  electrons 
remain  trapped  within  the  nitride. 

Now  if  a large  negative  Write  voltage  is  applied  to  the  Gate,  the 
tunneling  mechanism  would  be  reversed  (See  Figure  A3).  In  this  situation, 
holes  would  now  tunnel  through  the  oxide  and  become  trapped  within  the 
nitride.  When  the  negative  Write  voltage  ends  (See  Figure  3B),  the  trapped 
holes  will  then  pull  free  electrons  to  the  substrate/ gate  oxide  interface. 
The  net  result  is  an  increase  in  the  Source- to-Drain  resistance  and  a shift 
in  the  Gate  Threshold  Voltage  to  a more  negative  voltage  (Vth").  The  MNOS 
memory  device  is  now  operating  in  a Low  Conduction  State  (V^c) . Again, 
the  memory  will  remain  in  this  state  as  long  as  the  excess  holes  remain 
trapped  within  the  nitride.  Note  however,  that  the  trapped  charge  will 
eventually  decrease  (through  leakage  and  recombination),  and  the  Gate 
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Threshold  Voltage  will  shift  to  a "stable"  condition  (no  memory  stored).  Thi 
stable  state  is  labeled  Vth°  in  Figures  A2  and  A3. 
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Figure  A3.  Illustrations  of  a Forward  Shifting  MNOS  Memory  Transistor  being 
electrically  Written  into  a More  Negative  Threshold  or  Low  Conduction  State. 

A more  detailed  discussion  of  the  above  mechanisms  of  charge  transport 
in  Forward  Write  MNOS  memory  devices  is  presented  below  in  Reference  Al. 

A second  type  (but  less  known)  MNOS  memory  device  is  the  Reverse  Write 
transistor.  The  electrical  operation  of  this  transistor  is  just  the  opposite 


Al.  Chang,  J.J.,  Theory  of  MNOS  Memory  Transistor,  IEEE  Transactions  on 


Electron  Devices,  ED 


from  that  of  a Forward  device.  That  is,  a large  positive  Gate  voltage  will 
Write  a Low  Conduction  State,  and  a large  negative  voltage  will  Write  a 
High  Conduction  State.  The  reason  for  this  is  that  the  Reverse  device  has 
a higher  conductivity  in  the  Gate  nitride  layer  than  it  has  in  the  Gate  oxide 
layer.  In  the  Reverse  device,  the  Gate  oxide  (which  is  greater  than  35  Ang- 
stroms thick)  acts  as  a blocking  layer  during  a Write  period.  The  charge 
trapping  that  does  occur,  is  due  mainly  to  current  flow  through  the  nitride. 
An  example  of  this  mechanism  is  illustrated  below  in  Figure  A4. 
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Gate  of  the  Reverse  device,  positive  charge  will  flow  from  the  Gate  terminal, 
through  the  nitride  and  become  trapped  at  the  nitride/oxide  interface.  When 
the  positive  Gate  voltage  is  removed  (See  Figure  A4B),  a net  positive  charge 
is  left  trapped  near  the  interface.  Under  this  condition,  electrons  are 
attracted  to  the  substrate/oxide  interface  resulting  in  an  increase  in  the 
Source- to-Drain  resistance  and  a shift  in  the  Gate  Threshold  Voltage  to  a 
more  negative  voltage  (Vth").  The  memory  is  now  operating  in  a Low  Conduction 
State  (Vlc). 

To  drive  a Reverse  device  into  a High  Conduction  State  (V^).  a large 
negative  Write  voltage  is  required  (See  Figure  A5).  In  this  case,  electrons 


NEG.  WRITE  VOLTS 


is  v*  Vgate 


will  now  flow  through  the  conductive  nitride  and  become  trapped  at  the 
nitride/oxide  interface.  When  the  negative  Write  voltage  ends,  the  trapped 
electrons  will  pull  holes  up  to  the  other  side  of  the  interface  (See  Figure 
A5B).  The  Source-Drain  resistance  will  now  be  decreased  and  the  Gate  Thres- 
hold Voltage  will  shift  to  a more  positive  voltage  (Vth+).  The  device  is 
now  in  the  High  Conduction  State  (V^c)* 

A more  detailed  discussion  of  the  Write  mechanisms  in  a Reverse  Write 
MNOS  memory  device  is  available  in  References  A2  and  A3. 


A2.  Yeargan,  O.R. , et  al.  The  Pool e-Frenkel  Effect  with  Compensation  Present, 
Journal  of  Applied  Physics,  Vol.  39,  No.  12,  pp  5600  - 5604,  November  1968. 

A3.  Sewell,  F.A. , et  al.  Metal  Insulator  Semiconductor  Transistor  for  Use 
as  a Nonvolatile  Read-Write  Memory  Element,  Technical  Report  AFAL-TR-71-170, 
July  1971. 
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D. 

Wunch 

ATTN: 

Document  Control 

for  J.  Hood 

ATTN: 

Document  Control 

for  R.  Gregory 

Bendix  Corp. 

Navigation  and  Control  Group 
ATTN : E . Meeder 

Boeing  Co. 

ATTN:  D.  Egelkrout 


Department  of  Cormerce 

Boeing  Co. 

National  Bureau  of  Standards 

ATTN:  W.  Rumpza 

ATTN: 

J.  Mayo-Wells 

ATTN:  I.  Arimura 

ATTN: 

W.  Bull  is 

ATTN:  C.  Rosenberg 

ATTN: 

K.  Galloway 

ATTN:  A.  Johnston 

ATTN: 

S.  Chappell 

ATTN: 

J.  French 

Burr-Brown  Research  Corp. 

ATTN: 

J.  Humphreys 

ATTN:  H.  Smith 

ATTN: 

R.  Scace 

California  Institute  of  Technology 

NASA 

Jet  Propulsion  Lab 

Goddard  Space  Flight  Center 

ATTN:  A.  Shanka 

ATTN: 

V.  Danchenko 

ATTN:  W.  Price 

ATTN: 

J.  Adolphsen 

ATTN:  A.  Stanley 

NASA 

Charles  Stark  Draper  Lab.,  Inc. 

George  C.  Marshall  Space  Flight  Center 

ATTN:  A.  Schutz 

ATTN: 

L.  Haniter 

ATTN:  P.  Greiff 

ATTN: 

EG02 

ATTN:  R.  Bedingfield 

ATTN: 

H.  Yearwood 

ATTN:  C.  Lai 

ATTN: 

M.  Nowakowski 

ATTN:  R.  Ledger 

NASA 

Cincinnati  Electronics  Corp. 

ATTN: 

J.  Murphy 

ATTN:  L.  Hamnond 

NASA 

Lewis  Research  Center 
ATTN:  M.  Baddour 

NASA 

Ames  Research  Center 

ATTN:  G.  DeYoung 

DEPARTMENT  OF  DEFENSE  CONTRACTORS 

Advanced  Microdevices,  Inc. 

ATTN:  J.  Schlageter 

Advanced  Research  & Applications  Corp. 

ATTN:  R.  Armi stead 

Aerojet  Electro-Systems  Co. 

Div.  of  Aerojet-General  Corp. 

ATTN:  T.  Hanscome 

Aerospace  Corp. 

ATTN:  D.  Fresh 
ATTN:  H.  Willis 
ATTN:  S.  Bower 

Aerospace  Industries  Assoc,  of  America,  Inc. 
ATTN:  S.  Siegel 

8attelle  Memorial  Institute 
ATTN:  R.  Thatcher 


ATTN:  C.  Stump 

Control  Data  Corp. 

ATTN : J . Meehan 

University  of  Denver 
Colorado  Seminary 
Denver  Research  Institute 
ATTN:  F.  Venditti 

E-Systems,  Inc. 

Garland  Division 

ATTN:  K.  Reis 

Electronic  Industries  Association 
ATTN:  J.  Hessman 

EMM  Corp. 

ATTN:  F.  Krch 

Exp.  & Math  Physics  Consultants 
ATTN:  T.  Jordan 

Fairchild  Camera  and  Instrument  Corp. 

ATTN:  D.  Myers 
ATTN:  R.  Marshall 

Ford  Aerospace  t Connuni cat ions  Corp. 

ATTN:  Technical  Information  Services 
ATTN:  J.  Davison 

Ford  Aerospace  & Conmunications  Corp. 

ATTN:  D.  Cadle 


DEPARTMENT  OF  DEFENSE  CONTRACTORS  (Continued) 

Franklin  Institute 

ATTN:  R.  Thompson 

Garrett  Corp. 

ATTN:  R.  Weir 

General  Dynamics  Corp. 

Convair  Division 

ATTN:  W.  Hansen 

General  Dynamics  Corp. 

Fort  Worth  Division 

ATTN:  R.  Fields 
ATTN:  0.  Wood 


General  Electric  Co. 
Space  Division 


ATTN 

R.  Casey 

ATTN 

J . Peden 

ATTN 

L.  Sivo 

ATTN 

D.  Long 

General  Electric  Co. 

Re-Entry  & 

Environmental  Systems 

ATTN 

Technical  Library 

ATTN 

R.  Benedict 

ATTN 

W.  Patterson 

ATTN 

J.  Palchefsky,  Jr. 

General  Electric  Co. 
Ordnance  Systems 

ATTN:  J.  Reidl 


General  Electric  Co. 

Aircraft  Engine  Business  Group 
ATTN:  R.  Hellen 

General  Electric  Co. 

Aerospace  Electronics  Systems 
ATTN:  W.  Patterson 
ATTN:  D.  Cole 
ATTN:  J.  Gibson 

General  Electric  Co. 

ATTN:  D.  Pepin 

General  Electric  Company— TEMPO 

Center  for  Advanced  Studies 
ATTN:  DAS I AC 
ATTN:  M.  Espig 

General  Electric  Company— TEMPO 

Alexandria  Office 
ATTN:  DAS I AC 

General  Research  Corp. 

Santa  Barbara  Division 

ATTN:  Technical  Information  Office 
ATTN:  R.  Hill 

Georgia  Institute  of  Technology 

Georgia  Tech.  Research  Institute 
ATTN:  R.  Curry 

Georgia  Institute  of  Technology 

Office  of  Contract  Administration 

ATTN:  Research  and  Security  Coordinator  for 
H.  Denny 


DEPARTMENT  OF  DEFENSE  CONTRACTORS  (Continued) 

Goodyear  Aerospace  Corp. 

Arizona  Division 

ATTN:  Security  Control  Station 

Grumman  Aerospace  Corp. 

ATTN:  J.  Rogers 

GTE  Sylvania,  Inc 

Electronics  Systems  GRP-Eastern  Div. 

ATTN:  C.  Thornhill 
ATTN:  L.  Pauples 
ATTN:  L.  Blaisdell 

GTE  Sylvania,  Inc. 

ATTN:  J.  Waldron 
ATTN:  H.  and  V.  Group 
ATTN:  H.  Ullman 
ATTN:  P.  Fredrickson 

Harris  Corp. 

Harris  Semiconductor  Division 
ATTN:  J.  Cornell 
ATTN : C . Anderson 

Honeywell,  Inc. 

Avionics  Division 

ATTN:  R.  Gurm 

Honeywell,  Inc. 

Avionics  Division 

ATTN:  C.  Cerulli 

Honeywell,  Inc. 

Radiation  Center 

ATTN:  Technical  Library 

Honeywell,  Inc. 

Defense  Systems  Division 
ATTN:  K.  Gaspard 

Hughes  Aircraft  Co. 

ATTN:  R.  McGowan 
ATTN:  0.  Singletary 

Hugh  Aircraft  Co. 

El  Segundo  Site 

ATTN:  E.  Smith 
ATTN:  W.  Scott 

IBM  Corp. 

ATTN:  H.  Mathers 
ATTN:  T.  Martin 
ATTN:  F.  Fietse 

I IT  Research  Institute 
ATTN:  I.  Mindel 

Institute  for  Defense  Analyses 

ATTN:  Technical  Information  Services 

Intel  Corp. 

ATTN:  M.  Jordan 

International  Business  Machine  Corp. 

ATTN:  J.  Ziegler 

International  Tel.  & Telegraph  Corp. 

ATTN:  Department  608 
ATTN:  A.  Richardson 
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Intersil  Inc. 

ATTN:  D.  MacDonald 

IRT  Corp. 

ATTN:  0.  Harrity 

JAYCOR 

ATTN:  L.  Scott 

Johns  Hopkins  University 
Applied  Physics  Lab 

ATTN:  P.  Partridge 

Kaman  Sciences  Corp. 

ATTN:  J.  Lubell 


DEPARTMENT  OF  DEFENSE  CONTRACTORS  (Continued) 


Motorola.  Inc. 

Government  Electronics  Division 
ATTN:  A.  Christensen 

Motorola.  Inc. 

Semiconductor  Group 
ATTN:  L.  Clark 

National  Acadeiny  of  Sciences 
National  Materials  Advisory  Board 
ATTN:  R.  Shane 

National  Semiconductor  Corp. 

ATTN:  R.  Wang 
ATTN:  A.  London 


Litton  Systems,  Inc.  University  of  New  Mexico 

Guidance  & Control  Systems  Division  Electrical  Engineering  & Computer  Science  Dept. 

ATTN:  G.  Maddox  ATTN:  H.  Southward 


Lockheed  Missiles  & Space  Co.,  Inc. 
ATTN:  E.  Smith 
ATTN:  P.  Bene 
ATTN:  H.  Phillips 
ATTN:  C.  Thompson 

Lockheed  Missiles  and  Space  Co.,  Inc. 
ATTN:  0.  Crowley 
ATTN:  J.  Smith 

M.I.T.  Lincoln  Lab. 

ATTN:  P.  McKenzie 

Martin  Marietta  Corp. 

Orlando  Division 

ATTN:  H.  Cates 
ATTN:  W.  Janocko 
ATTN:  W.  Brockett 
ATTN:  R.  Gaynor 

Martin  Marietta  Corp. 

Denver  Division 

ATTN:  E.  Carter 

McDonnell  Douglas  Corp. 

ATTN:  Library 
ATTN:  D.  Dohm 
ATTN:  M.  Stitch 

McDonnell  Douglas  Corp. 

ATTN:  J.  Holmgrem 
ATTN:  D.  Fitzgerald 

McDonnell  Douglas  Corp. 

ATTN:  Technical  Library 

Mission  Research  Corp. 

ATTN:  C.  Longmire 

Mission  Research  Corp. -San  Diego 
ATTN : J . Raymond 
ATTN:  R.  Berger 
ATTN:  J.  Azarewlcz 
ATTN:  V.  Van  Lint 

Mitre  Corp. 

ATTN:  M.  Fitzgerald 


Northrop  Corp. 

Northrop  Research  & Technology  Ctr. 
ATTN:  P.  Eisenberg 
ATTN:  T.  Jackson 
ATTN:  J.  Srour 

Northrop  Corp. 

Electronic  Division 

ATTN:  L.  Apodaca 
ATTN:  P.  Gardner 
ATTN:  D.  Strobel 

Physics  International  Co. 

ATTN:  Division  6000 
ATTN:  J.  Shea 
ATTN:  J.  Huntington 

R & D Associates 
ATTN:  R.  Poll 
ATTN:  C.  MacDonald 
ATTN:  S.  Rogers 

Rand  Corp. 

ATTN:  C.  Crain 
ATTN:  AFELM,  Library  D 

Raytheon  Co. 

ATTN:  J.  Ciccio 

Raytheon  Co. 

ATTN:  A.  Van  Doren 
ATTN:  H.  Flescher 

RCA  Corp 

Government  Systems  Division 
Astro  Electronics 

ATTN:  G.  Brucker 
ATTN:  V.  Mancino 

RCA  Corp. 

David  Samoff  Research  Center 
ATTN:  D.  O'Connor 
ATTN:  Office  N103 

RCA  Corp. 

Government  Systems  Division 
Missile  & Surface  Radar 
ATTN:  R.  Killion 
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DEPARTMENT  OF  DEFENSE  CONTRACTORS  (Continued) 

RCA  Corp. 

Camden  Complex 

ATTN:  J.  Saultz 
ATTN:  E.  Van  Keuren 

RCA  Corp. 

Somerville  Plant,  Solid  State  Div. 

ATTN:  W.  Allen 

Rensselaer  Polytechnic  Institute 
ATTN:  R.  Gutmann 

Research  Triangle  Institute 
ATTN:  M.  Simons,  Jr. 

Rockwell  International  Corp. 

ATTN:  J.  Bell 
ATTN:  V.  De  Martino 
ATTN:  G.  Messenger 
ATTN:  V.  Strahan 
ATTN:  T.  Oki 

Rockwell  International  Corp. 

Space  Division 

ATTN:  D.  Stevens 

Rockwell  International  Corp. 

ATTN:  TIC  BA08 
ATTN:  T.  Yates 

Sanders  Associates,  Inc. 

ATTN:  M.  Aitel 
ATTN:  L.  Brodeur 

Science  Applications,  Inc. 

ATTN:  V.  Verbinski 
ATTN:  J.  Naber 
ATTN:  V.  Ophan 

Science  Applications,  Inc. 

ATTN:  W.  Chadsey 

Science  Applications,  Inc. 

ATTN:  D.  Stribling 

Singer  Co. 

ATTN:  Security  Manager  for  J.  Brinkman 

Singer  Co. 

Data  Systems 

ATTN:  R.  Spiegel 

Westinghouse  Electric  Co. 

Aerospace  4 Electronic  Systems  Div. 

ATTN:  L.  McPherson 

Westinghouse  Electric  Corp. 

Defense  and  Electronic  Systems  Ctr 
ATTN:  H.  Kalapaca 
ATTN:  D.  Crichi 


DEPARTMENT  OF  DEFENSE  CONTRACTORS  (Continued) 

Sperry  Rand  Corp. 

Sperry  Microwave  Electronics 

ATTN:  Engineering  Laboratory 

Sperry  Rand  Corp. 

Sperry  Division 

ATTN:  R.  Viola 
ATTN:  C.  Craig 
ATTN:  P.  Maraffino 
ATTN:  F.  Sea ra vagi ione 

Sperry  Rand  Corp 

Sperry  Flight  Systems 
ATTN:  D.  Schow 

Sperry  Uni  vac 

ATTN:  J.  Inda 

Spire  Corp. 

ATTN:  R.  Little 


SRI  International 

ATTN:  A.  Whitson 
ATTN:  P.  Dolan 

Teledyne  Ryan  Aeronautical 
ATTN:  J.  Rawlings 


Texas  Instruments,  Inc. 

ATTN:  A.  Peletier 
ATTN:  R.  Stehlin 

TRW  Defense  4 Space  Sys.  Group 
ATTN:  H.  Haid 
ATTN:  P.  Guilfoyle 
ATTN:  0.  Adams 
ATTN:  R.  Kingsland 
ATTN:  A.  Pavel ko 
ATTN:  H.  Holloway 
ATTN:  R.  Schnieder 
ATTN:  A.  Witteles 


TRW  Defense  4 Space  Sys.  Group 
San  Bernardino  Operations 
ATTN:  F.  Fay 
ATTN:  M.  Gorman 
ATTN:  R.  Kitter 


TRW  Systems  and  Energy 
ATTN:  G.  Spehar 
ATTN:  D.  Millward 


Vought  Corp. 

ATTN:  R.  Tonne 

ATTN:  Library 

ATTN:  Technical  Data  Center 
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